NASA  TM  X-  S2,369 


:4ASA  TECHNICAL 

MEMORANDUM 


NASATMX-623S9 


0 x> 

c 

r- 

1 r?  I r-i 

O 

in  r*'  ^ ^ 

z:  CD  o 


\ 


a 


o 


A PklMER  IN  LUNAR  GEOLOGY 

< u 

=2  CO 

Edited  by 

1—4 

o 

^ ’iO 

M • 

Ronald  Ckedey 

'VJ 

Unheisity  of  ^ta  Qaia 

r: 

Santa  Qara,  California  95053 

and 

Z>-t 

< 

o 

Peter  Sdiultz 

O' 

Space  Science  Division 

n 

Ames  Research  Center 

rM  ^ 

Moffett  Field,  California  94035 

vO  CO 
f < 

X ;;c 

I ^ 
t: 


H >• 

• o 

<;  o 

CO  ^ 

c O 

2 CO 


July  1974 


FOREWORD 


This  "‘primer”  is  a collection  of  papers  and  retirence  material  that  was  assembled  for  a short 
course  in  Lunar  Geology  conducted  in  April,  1974  by  the  University  of  Santa  Gara  at  Ames 
Research  Center,  NASA,  and  sponsored  thiou^  a gn..it  from  NASA  Headquarters.  The  objective  of 
the  short  course  was  to  provide  a foundation  in  lunar  geology  for  earth-scknce  community  college 
instructors. 

After  the  course,  our  colleagues  encouraged  us  to  put  the  material  into  a form  that  would  be 
more  widely  available,  hence,  the  present  document.  As  was  the  case  for  the  notebook  from  which 
this  d-xurnent  was  taken,  our  objective  is  to  provide  short  summaries,  selected  illustrations,  and 
pertinent  reprinted  articles  dealing  with  primary  topics  in  lunar  geology  so  that  the  reader  can  more 
easily  become  familiar  with  the  subject. 

Some  of  the  material  that  was  in  the  original  notebook  could  not  be  included  here  (maps, 
pamphlets,  etc.).  In  order  to  make  this  reference  cmnplete,  we  suggest  that  the  additional  material 
be  obtained,  using  the  forms  in  the  back. 

We  hope  that  you  find  the  material  useful  and  we  would  sincerely  appreciate  your  comments 
and  suggestions  for  its  improvement. 
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INTRODUCTION 


In  1973,  NASA  initiated  a new  effort  entitled  “Lunar  Data  Analysis  and  Synthesis  Program.” 
The  goal  of  this  program  is  to  derive  the  maximum  benefit  from  the  vast  quantities  of  lunar  data 
that  have  been  collected  during  the  preceding  1 S years.  Recognizing  that  education  and  information 
exchange  is  an  integral  part  of  any  scientific  endeavor,  the  Synthesis  Program  encourages  efforts  to 
transfer  data  from  the  lunar  scientist  to  professionals  who  are  not  directly  connected  with  the  lunar 
program.  Because  community  colleges  are  an  important  part  of  the  educational  system  in  most 
states,  and  California  in  particular,  we  believe  that  this  segment  of  the  geological  community  should 
be  the  first  to  participate  in  lunar  geology  programs. 

Our  intend  is  to  provide  intensive  instruction  in  the  basic  concepts  of  lunar  and  planetary 
geology.  We  ar  particularly  fortunate  here  in  the  Bay  Area  to  conduct  this  course  because  we  can 
draw  on  the  expertise  of  NASA -Ames  Research  Center  and  the  Astrogeology  Branch  of  the  U.  S. 
Geological  Survey.  Many  of  the  speakers  on  the  program  laid  the  foundations  for  planetology  in  the 
early  years  of  modem  lunar  study.  Although  there  will  be  a great  deal  of  information  presented,  we 
have  tried  to  organize  the  schedule  to  permit  adequate  time  for  discussions  with  each  speaker. 

Our  hope  is  that  you  wfll  be  stimulated  and  motivated  to  the  point  that  you  will  take  positive 
means  for  incorporating  planetology  into  your  own  Earth-Science  curriculum.  From  the  applica- 
tions that  you  submitted,  we  know  that  you  are  motivated  in  that  direction.  Many  of  you  already 
teach  planetology  in  one  form  or  another.  Our  task  is  to  put  the  information  in  your  hands  in  a way 
that  it  can  be  most  easily  assimilated,  i.e.,  through  presentations,  lab  exercises,  and  this  notebook. 

You  wfll  find  that  most  of  lunar  and  planetary  geology  is  simply  the  application  of  basic 
geological  concepts  to  the  solution  of  the  geology  of  other  planets.  The  most  severe  constraint,  of 
course,  is  the  limit  on  field  checking!  More  generally,  a planetologist  is  simply  an  Earth  scientist 
who  draws  together  the  fields  of  physics,  chemistry,  geology,  astronomy,  and  meteorology  in  order 
to  understand  other  planets.  Thus,  in  terms  of  instruction,  you  simply  take  “field  trips”  to  planets 
and  re-ask  familiar  questions.  It  should  be  remembered  that  the  various  space  missions  have  not 
provided  answers  to  all  problems  in  planetology,  although  the  questions  asked  now  are  more 
detailed,  more  specific,  and  more  sophisticated. 

As  teachers  with  different  specialized  interests,  we  sometimes  rely  on  only  a few  articles,  or 
review  papers  in  order  to  understand  new  concepts,  some  of  which  may  seem  like  gospel  but  are 
actually  professional  opinion.  Survey  topics  such  as  planetology  are  particularly  vulnerable  to  such 
over-simplification  or  dogmatism.  As  a result,  the  process  of  scientific  inquiry,  particularly  in  the 
classroom,  may  be  lost.  Yet,  planetology  is  a relatively  new  field,  and  many  of  the  fundamental 
questions  being  asked  are  still  understandable  to  the  student.  Consequently,  a planetology  course 
can  be  a potentially  valuable  means  to  explore  through  student  participation  the  interplay  of 
opinion,  fact,  and  scientific  inquiry. 

We  want  this  notebook  to  be  a source  of  information  that  will  grow  with  your  interests.  Its 
organization  follows  the  lecture  sequence.  Each  section  consists  of  several  parts:  1 ) a synopsis  of  the 
speakers*  presentation,  2)  supplemental  illustrations,  and  3)  supplemental  references  (review 
articles,  where  possible).  In  the  pockets  are  additional  references  and  resource  material.  We 


recognize  the  danger  of  using  loose  leaf  notebooks  (too  often  the  notebook  is  “cannibalized”  for 
other  uses),  but  we  believe  that  you  will  want  to  expand  it  by  addmg  references  and  material  as 
your  interests  in  the  field  develop. 

Although  it  would  have  been  easy  to  double  or  triple  the  number  of  participants,  we  want  to 
keep  a ‘Svorkshop”  atmosphere.  Hease  aric  questions  and  enter  the  discussions.  We  are  particularly 
interested  in  your  comments  and  suggestions  for  improving  the  short  course,  and  we  would  like  very 
much  to  hear  from  you  after  you  return  home. 


Ronald  Greeley 
University  of  Santa  CHara 
and 

Peter  Schultz 
Space  Science  Division 
NASA— Ames  Research  Center 
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University  of  Santa  Clara,  Santa  Clan*,  Calif.  95053 
and 

Ames  Research  Center,  N.\SA,  Moffett  Field,  Calif.  94035 


I.  INTRODUCTION 


Geologic  data  for  the  Moon  arc  derived  from  three  general  sources:  ( 1 ) Earth-ba^d  observa- 
tions, (2)  remote-sensing  by  unmanned  spacecraft,  and  (3)  collection  of  data  by  manned  lunar 
missions.  The  types  of  data  include  photographs,  infrared  and  other  “invisible  spectrum”  data, 
geophysical  data  from  seismometers,  etc.,  rock  samples,  and  visual  observations. 


II.  EARTH-BASED  DATA 


Prior  to  the  introduction  of  lunar  exploration  in  the  mid  1960s,  lunar  geologic  data  consisted 
almost  entirely  of  photographs  and  telescopic  observations.  Many  rather  detailed  investigations  were 
completed  during  this  period,  including  geologic  studies,  resulting  in  the  publication  of  several 
classic  references  [Fielder  (1961, 1965),  Baldwin  (1963)  and  Kopal  (1966)  and  othersj.  Most  of  the 
studies  concerned  the  structure  and  origin  of  major  lunar  surface  features,  with  an  emphasis  on 
craters.  It  is  a tribute  to  these  workers  that  many  of  their  early  ideas  are  still  generally  accepted, 
although  the  ordering  of  importance  for  some  has  changed. 

In  the  early  sixties,  an  ambitious  photographic  and  cartographic  program  was  initiated  by  the 
Defense  Department  that  resulted  in  the  compilation  of  an  excellent  lunar  atlas  (Kuiper  1960),  and 
the  LAC  (Lunar  Aeronautical  Chart)  series  of  1 : 1,000,000  scale  relief  maps.  These  maps  provided 
the  base  for  the  U.  S.  Geological  Survey  lunar  geologic  maps,  compiled  from  observatory  photo- 
graphs and  telescopic  observations. 

In  addition  to  photographic  and  visual  observations,  Earth4>ased  geologic  data  include  infrared 
measurements  of  lunar  thermal  p^'operties,  radar  data  on  surface  properties,  polarization,  spectral 
analyses,  surface  roughness  derived  from  radar  scattering,  and  photometric  data  on  the  reflective 
properties  of  the  lunar  surface. 

When  the  decision  was  made  to  send  Man  to  the  Moon,  it  became  obvious  that  more  detailed 
information  was  required  than  could  be  obtained  from  Earth-based  sources.  Thus,  a series  of 
unmanned  lunar  probes  was  initiated,  including  Ranger,  Surveyor,  and  Lunar  Orbiter  missions. 
Concurrently,  unmanned  Soviet  spacecraft  of  the  Luna  series  provided  additional  data,  including 
the  first  views  of  the  lunar  farside. 
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III.  UNMANNED  LUNAR  MISSIONS 


A.  Ranger  Spacecraft 

On  July  31,  1964,  Ranger  VII  provided  the  first  close-up  images  of  the  Moon  by  success- 
fully *‘hard  landing”  on  the  Moon  in  Oceanus  Procellarum.  The  next  year  Rangers  VIII  and  IX  were 
successfully  launched,  “hard  landing”  in  southwestern  Mare  Tranquillitatis  and  on  the  floor  of  the 
crater  Alphonsus,  re^ecthrely. 

Ranger  spacecrafts  were  aimed  directly  at  the  Moon  and  carried  batteries  of  television  cameras 
to  image  the  lunar  surface  at  close  range  before  cra^  landing.  Lunar  features  as  small  as  one  meter 
could  be  clearly  seen.  One  of  the  most  obvious  new  geologic  facts  obtained  by  Ranger  was  that 
craters  of  all  sizes  (down  to  the  limit  of  camera  resolution)  are  the  dominant  lunar  surface  feature. 
On  the  assumption  (now  strongly  supported  by  different  lines  of  research)  that  most  craters  are  of 
impact  origin,  the  lunar  surface  was  interpreted  to  be  fragmental  (“impact  gardened”)  to  a depth  of 
at  least  several  meters.  Geologic  mr^s  lowing  volcanic  features  were  also  made  from  Ranger 
imagery. 


B.  Surveyor  Spacecraft 

Unlike  Ranger,  the  unmanned  Surveyor  spacecraft  was  designed  to  soft-Jand  on  the  lunar 
surface.  All  Surveyors  carried  television  cameras  to  take  stereoscopic  images  of  smaQ-scale  lunar 
features,  and  some  Surveyors  had  the  capability  to  dig  into  the  lunar  soQ  to  determine  the  bearing- 
strength  of  the  surface,  to  make  simplified  chemical  analyses  of  the  soil,  and  to  determine  lunar 
surface  temperatures. 

From  June  1966  to  January  1968,  five  (of  seven  launched)  Surveyors  softdanded  on  the 
Moon,  each  operating  for  a period  of  1 to  8 lunar  days.  Four  landed  in  mare  areas,  and  the  last. 
Surveyor  VII,  landed  in  the  extremely  rugged  southern  highlands  on  the  rim  of  crater  Tycho.  At  all 
landing  sites,  impact  craters  were  observed  down  to  the  limit  of  camera  resolution  (<  cm).  One  of 
the  most  significant  geological  results  of  Surveyor  was  the  determination  that  lunar  maria  are 
composed  of  basaltic  rocks. 


C.  Lunar  Orbiter 

Lunar  Orbiter  missions  consisted  of  five  unmanned  spacecraft  placed  in  orbit  around  the 
Moon.  Each  had  the  primary  objective  of  obtaining  high-resolution  photographs.  The  first  three 
missions  were  in  equatorial  orbit  and  photographed  mostly  small  areas  of  the  mare  which  were 
potential  Apollo  landing  sites.  Lunar  Orbiter  IV  was  placed  in  polar  orbit  and  obtained  continuous 
photography  for  nearly  all  of  the  lunar  surface,  mostly  under  constant  lighting  conditions.  Lunar 
Orbiter  V was  similarly  placed  in  a polar  orbit  and  photographed  selected  features  of  geologic 
interest. 

The  photopaphic  system  of  Lunar  Orbiter  was  a unique  combination  of  two  cameras  (one 
wide  angle,  the  other  telephoto),  a processing  system  that  developed  Kodak  Bimat  film  on  board 
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the  spacecraft  (Lunar  Orbiter  has  been  caUed  a “Flying  Drugstore”),  an  electronic  system  that 
scanned  the  processed  film  to  convert  the  image  to  an  electronic  signal,  and  a transmitter  to  return 
the  signal  to  Earth.  The  signa’s  were  picked  up  at  one  of  three  stations:  Goldstone,  California; 
Madrid,  Spain;  or  Woomera,  Australia;  and  placed  on  tape.  At  NASA-Langley  Research  Center,  the 
tapes  were  played  to  convert  the  signals  back  to  images  and  then  placed  on  strips  of  35  mm  film.  It 
is  easy  to  recognize  Lunar  Orbiter  pictures  by  the  strips  which  make  up  the  image. 

Lunar  Orbiter  provided  a tremendous  wealth  of  geologic  data  that  was  essentia*  to  the  success- 
ful manned  landing  and  which  continues  to  be  a source  for  geologic  studies. 


IV.  MANNED  MISSIONS 


A.  Apollo  8 and  JO 

Apollo  missions  ushered  in  a new  era  of  lunar  data  collection.  Apollo  8 (1968,  first 
manned  mission  to  the  Moon)  and  Apollo  10  (1969)  were  non-landing  missions  to  the  Moon,  with 
the  primary  function  of  conducting  spacecraft  engineering  tests  prior  to  manned  landings.  In  addi- 
tion, Apollos8  and  10  carried  cameras  to  derive  critical  information  on: 

1 ) “Approach”  topography  and  landmarks  for  the  early  Apollo  landings. 

2)  The  scientific  merit  and  the  rou^ness  of  areas  for  possible  follow-on  Apollo  landings. 

3)  The  broad  structure  and  characteri’.tics  of  the  lunar  surface. 

Apollos8  and  10  obtained  hundreds  of  Hasselblad  frames  (70  mm)  in  color  and  black  and  white, 
and  hundreds  of  feet  of  motion  picture  film.  Unlike  the  unmanned  lunar  missions  which  returned 
imagery  via  electronic  signals,  Apollo  missions  returned  hard  film  hat  permitted  detaUed  analyses 
not  otherwise  possible,  such  as  refined  topographic  derivations  and  detection  of  geologic  color 
units. 

In  addition,  the  observations  of  Apollo  astronauts  trained  in  geology  provided  data  on  many 
structures  and  lunar  surface  characteristics  that  were  too  subtle  to  be  detected  or  recorded  by  film. 


B.  Apollo  11, 12, 14 

The  summer  of  1969  marked  one  of  Man’s  greatest  achievements  with  his  landing  on  the 
lunar  surface.  And  for  the  first  time,  lunar  fieldwork  was  possible.  The  primary  objectives  of 
Apollos  11,  12,  14  (Apollo  13  was  aborted  prior  to  landing  because  of  spacecraft  failure)  were 
engineering  feats;  however,  astr^'^aut  observations,  sample  collections,  and  various  instruments 
provided  vast  quantities  of  lunar  data,  much  of  which  are  still  being  analyzed  and  reduced.  In 
addition,  each  mission  became  increasingly  complex  and  returned  greater  quantities  of  samples  and 
data  than  each  preceding  mission. 
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Although  most  of  the  attention  seems  to  go  to  the  ApcHo  landings  it  must  be  remembered 
that  the  Apollo  missions  were  two-part:  lander  and  arbiter.  The  service-command  module  and  its 
pilot  remained  in  lunar  orbit  during  the  landing  phase  and  conducted  a series  of  important  missions. 
During  Apollos  II,  12.  and  14,  these  missions  included  obtaining  additional  Hasselblad  photog- 
raphy and  motion  pictures.  Ap'^llo  14  carried  a sophisticated  camera  designed  to  obtain 
photopammetric-quality  photograph>  of  the  lunar  surface.  Unfortunately,  it  malfunctioned  early 
in  the  mission  and  obtained  only  a frac  ion  of  the  imagery  originally  planned. 


C.  Apollo  15,  16.  17 

The  last  three  Apollo  missions,  termed  “J”  missions,  carried  extensive  and  complex 
instruments  for  both  the  lander  and  orbital  phases.  The  addition  of  the  Lunar  Rover  gave  the 
astronauts  mobility  and  permitted  them  to  cover  a much  larger  field  area  than  was  previously 
possible.  Spacecraft  components  were  thoroughly  proven  by  Apollos  II.  12,  and  14,  and  much 
more  attention  was  given  to  lunar  scientific  objectives  during  the  “J”  missions. 

In  addition  to  hand-held  Hasselblad  photography,  “J”  mission  service  modules  obtained  high 
quality  photography  with  a mapping  camera  syst».  i and  a panoramic  camera  system.  The  mapping, 
or  metric  camera  (76  mm,  or  3-inch  lens)  combined  20-m  resolution  terrain  photography  on  5-inch 
film  with  stellar  camera  imagery  which  photographed  the  star  field  in  order  to  precisely  fix  the 
lunar  scene.  With  a 74°  square  field  of  view,  each  metric  frame  covers  about  170  km  X 170  km 
from  the  nominal  1 1 1.5  km  spacecraft  altitude. 

The  panoramic  cameras  had  610  mm  (24  inch)  lenses  producing  either  monoscopic  or  stereo- 
scopic photographs  of  the  lunar  surface  at  a maximum  ground  resolution  of  2 m.  Each  frame 
covered  an  1 1°  field  of  view  along  track  and  108°  cross  track,  or  an  area  about  28  km  X 334  km  at 
nominal  spacecraft  altitude.  The  lunar  surface  was  photographed  under  a wide  variety  of  lighting 
conditions  by  both  metric  and  panoramic  cameras.  Laser  altimetry  provided  topographic  profiles  of 
the  lunar  surface  which  could  be  directly  correlated  with  the  photography. 

Other  instruments  that  gathered  geological  data  from  the  orbiting  command  modul"  included 
the  Gamma-Ray  Spectrometer,  the  X-ray  fluorescence  spectrometer,  the  alpha'^article  spec- 
trometer, and  mass  spectrometer,  all  to  obtain  chemical  and  geochemical  data  for  the  lunar  surface. 
On  Apollo  16,  a bistatic  radar  instrument  determined  the  electromagnetic  character;  4cs  and 
regolith  properties  of  the  lunar  surface  by  directing  various  electromagnetic  waves  (radio,  etc.)  from 
orbit  to  the  lunar  surface  where  they  were  reflected  back  to  Earth  and  analyzed. 

Among  other  experiments,  Apollo  1 7 carried  a Lunar  Sounder  (radar  device  capable  of  provid- 
ing data  on  subsurface  characteristics,  e.g.,  layers  of  rock)  and  an  Infrared  Scanning  Radiometer 
which  measured  thermal  characteristics  of  the  lunar  surface. 

The  various  types  of  instruments  and  experiments  conducted  during  Apollo  missions  are 
described  in  table  I. 


TABLE  I. 


Apollo  orbital  science  experiments 


11 


Apollo  missions 


12 


14 


15 


Service  mcdule  experiments 


S-160  Gamma-ray  Spectrometer 
S-161  X-ray  Spectrometer 
S-162  Alpha-particle  Spectrometer 
S-164  S-band  Transponder  (CSM/LM) 
S-165  Mass  Spectrometer 
S-169  Far  UV  Spectrometer 
S-170  Bistatic  Radar 
S-171  IR  Scanning  Radiometer 
S-209  Lunar  Sounder 


Subsatellite: 


S-164  S-band  Transponder 
S-173  Particle  Measurement 
S-174  Magnetometer 


X 

X 

X 


X 

X 

X 


SM  photographic  tasks: 


24  in.  Panoramic  Camera 
3 in.  Mapping  Camera 
Laser  Altimeter 

Command  module  experiments 

S-158  MuUispectral  Photography 
S-176  Apollo  Window  Meteoroid 
S-177  UV  Photography  of  Earth  and  Moon 
S-178  Gegenschein  from  Lunar  Orbit 


X 


X 


X 

X 

X 


X 


X 


TABLE  I.  - Concluded 


Apollo  missions 

Apollo  surface  science  experiments 

11 

12 

14 

15 

16 

17 

ALSEP  experiments 

■ 

S-03 1 Lunar  Passive  Seismology 

X 

H 

X 

X 

X 

S-033  Lunar  Active  Seismology 

X 

X 

S-034  Lunar  Tri-axis  Magnetometer 

X 

X 

S-035  Solar  Wind  Spectrometer 

X 

X 

S-036  Suprathermal  Ion  Detector 

X 

X 

X 

S-037  Lunar  Heat  Flow 

S-C  38  Charged  Particle  Lunar  Environment 

X 

X 

X 

X 

S-058  Cold  Cathode  Gauge 
S-202  Lunar  Ejecta  and  Meteorites 

X 

X 

X 

X 

S-203  Lunar  Seismic  Profiling 

X 

S-205  Lunar  Atmospheric  Composition 

X 

S-207  Lunar  Surface  Gravimeter 
M-5 1 5 Lunar  Dust  Detector 

X 

X 

X 

X 

X 

Other  experiments 

S-059  Lunar  Geology  Investigation 

X 

X 

X 

1 

X i 

X 

X 

S-078  Laser  Ranging  Retro-reflector 

X 

X 

X 

S-080  Solar  Wind  Composition 

X 

X 

X 

X 

X 

S-151  Cosmic  Ray  Detector  (Helmet) 
S-152  Cosmic  Ray  Detector  (Sheets) 

X 

S-184  Lunar  Surface  Qose-up  Camera 

X 

X 

X 

1 

S-198  Portable  Magnetometer 
S-l*^9  Lu' ar  Gravity  Traverse 

X 

j 

X 

X 

S-2CC  Soil  lechanics 

X 

X 

X 

X 

S-201  Far  UV  Camera/Spectroscope 
S-204  Surface  Electrical  Properties 



■ 

X 
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V.  APOLLO  SURFACE  EXPERIMENTS 


With  increasing  complexity,  each  Apollo  landing  set  up  an  array  of  experiments  on  the  lunar 
airface.  Major  instruments  of  geological  interest  are  described  below,  numbers  in  parenthesis  show 
ApoOo  mhsions  carrying  that  particular  instrument. 

1.  Lunar  ^.urface  Magnetometer  (12,  15,  16):  Designed  to  measure  the  Moon’s  magnetic  field, 
which  was  found  to  be  about  1/1000  as  strong  as  Earth’s  magnetic  field. 

2.  Solar  Wind  Spectrometer  (12,  15):  To  meaaire  the  velocity,  direction,  and  t-;mperature  of  the 
“solar  wind’’  (charged  particles)  streaming  from  the  Sun. 

3.  Suprathermal  Ion  Detector  (12, 14,  1 5):  Determined  the  rate  of  ion  production  by  the  Moon’s 
tenuous  atmosphere. 

4.  Cold  Cathode  Ion  Detector  (12,  14,  15):  Measured  the  changing  density  of  the  Moon’s 
atmosphere. 

5.  Seismic  Experiments 

A.  Passive  Seismometry  (11,  12,  13,  14,  15,  16):  recorded  meteoritic  (and  spacecraft) 
impacts  and  moonquakes. 

B.  Active  Seismometry  (14,  16):  recorded  artificial  seismic  events  produced  by  grenade-like 
charges. 

6.  Heat-Flow  Experiment  (15,  16,  »7):  Probes  placed  in  short  bore  holes  measured  outward 
heat-flow  from  the  lunar  'nterior.  Heat  flow  was  found  to  be  quite  high  on  15  and  17 
(instrument  was  inoperative  on  16). 

7.  Luma'  Surface  Gravimeter  (17):  Determined  the  Moon’s  gravity  field. 

8.  Lunar  Ejecta  on  Meteorites  Experiment  ( 1 7):  D^icrmined  the  flux  of  meteoric  material  and 
the  speed,  direction,  and  mass  of  incoming  particles. 

Other  experiments,  many  of  which  provided  geological  data,  are  shown  in  the  accompanying 
table. 


VI.  APOLLO  LUNAR  GEOLOGY  INVESTIGATIONS 


The  geology  investigation  was  an  integral  part  of  all  six  Apollo  missions.  Its  fundamental 
objective  was  to  provide  detailed  geologic  data  in  the  vicinity  of  each  landing  site  and  to  provide  a 
“ground  truth  station’’  for  the  interpretation  of  the  orbital  data  and  of  Earth-based  data. 
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Piior  to  each  mission,  a team  of  geologists  carefully  analyzed  all  available  data  for  "he  pro^>ec- 
thre  landing  site  and  prepared  preUminary  geologic  reports.  Concurrently,  the  astronauts  received 
geological  training,  especially  oriented  for  the  protective  site. 

Primary  data  for  the  lunar  geology  investigation  came  from  Hasselblad  photographs,  astronaut 
observations,  and  returned  lunar  samples.  Besides  providing  basic  data,  surface  photographs  docu- 
mented the  setting  for  the  returned  samples  and  were  helpful  during  post-mission  astronaut 
debriefings. 

Sampling  programs  were  designed  to  gather  representative  suites  of  lunar  material,  including 
soils,  in  situ  rock,  material  from  particular  features  (e.g.,  craters),  drive-tube  coics  from  the  subsur- 
face, etc. 

During  mission  operations,  the  geology  team  monitored  the  activities  of  the  astronauts  in  order 
to  make  suggestions  and  “real  time”  decisions. 

After  each  mission,  the  task  of  reducing  the  tremendous  quantity  of  data  by  the  geology  team 
had  to  reach  at  least  a preliminary  stage  before  the  next  mission.  Consequently,  much  important 
data  had  to  be  left  for  later  analysis  and  remain  today  as  a vast  potential  source  of  geologic 
interpretation.  Recognizing  that  collection  of  data  is  only  the  flrst  half  of  any  scientific  endeavor,  in 
1973,  NASA  established  the  “Lunar  Data  Analysis  and  Synthesis”  program  to  provide  support  to 
scientists  so  that  maximum  information  can  be  derived  from  lunar  data. 
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I.  INTRODUCTION 


Although  the  primary  thrust  of  this  lecture  series  is  directed  at  the  subject  of  lunar  geology, 
that  is  the  physical  and  chemical  processes  that  have  acted  to  alter  the  Moon  from  its  originai  to  its 
present  state,  it  must  be  remembered  that  the  Moon  is  a member  of  that  collection  of  objects  we 
call  the  Solar  System.  As  such,  an  understanding  of  its  geological  history  is  of  significance  in 
understanding  at  least  part  of  the  story  of  the  formation  and  evolution  of  the  Solar  System. 

As  subsequent  lectures  in  this  series  deal  with  various  aspects  of  lunar  geology  in  detail,  we 
shall  be  concerned  here  with  a general  examination  of  how  the  sun  and  planets  may  have  formed,  a 
brief  consideration  of  the  three  general  hypotheses  for  the  origin  of  the  Moon  and  conclude  with 
one  man’s  view  of  a likely  overall  scenario  within  which  to  discuss  lunar  geology. 


II.  FORMATION  OF  THE  SITS  AND  THE  PRIMITIVE  SOLAR  NEBULA 


A.  Observational  Evidence 

Two  important  and  apparently  general  characteristics  of  star  formation  can  be  deter- 
mined from  present  observational  data.  The  first  of  these  is  that  young  stars  s:  .Imost  always 

found  in  close  proximity  to  fairly  dense  clouds  of  gas  and  dust.  How  do  we  know'  ti,,r  the  stars  are 
young?  The  stars  in  question  are  O and  B stars,  very  nght  and  much  more  massive  than  our  sun.  It 
is  well  known  that  the  more  massive  a star  the  faster  it  uses  up  its  nuclear  fuel  and  hence  the  faster 
it  evolves.  Oand  B stars  “live”  for  10®  years,  which  is  a 'horl  iime  astrophysically  speaking.  Thus 
the  association  of  young  stars  and  gas  clouds  is  well  esta.>lished.  This  close  association  between 
young  stars  and  dusty  gas  clouds  strongly  suggests  that  the  stars  formed  from  such  clouds.  The 
second  piece  of  observational  datum  is  that  stars  tend  to  occur  in  groups  or  clusters  ranging  from  a 
few  tens  of  stars  to  a few  hundred.  There  are,  of  course,  stars  which  ate  not  presently  associated 
with  a group,  but  these  are  generally  older  stars  which  were  part  of  a group  that  has  gradually 
dispersed.  These  observations  give  rise  to  the  general  feeling  that  star  rormation  initiates  in  gas  and 
dust  clouds,  and  that  these  clouds  are  fairly  massive  (perhaps  as  large  as  1000  times  the  mass  of  the 
sun). 


The  conceptual  framework  for  star  formation  is  roughly  the  following.  A massive  gas  gloud 
(interstellar  cloud)  becomes  unstable  to  gravitational  collapse;  that  is,  the  seif  gravity  of  the  cloud  is 
greater  than  its  internal  pressure.  As  the  cloud  collapses  and  increases  its  density,  there  will  be 
fluctuations  in  density  throughout  the  cloud.  Many  of  these  will  simply  be  smoothed  out,  but  some 
will  continue  to  grow  and  attract  neighboring  material.  These  growing  fluctuations,  generally  called 
fragments,  are  the  starting  points  for  the  formation  of  stars.  This  picture  is  qualitatively  consistent 
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with  c/ie  obsenations,  but  too  little  is  known  at  present  of  the  detailed  physics  of  the  process  to 
allow  quantitative  work. 


P Collapse  of  a IM^  Fragment 

We  will  assume  that  the  outline  indicated  above  is  correct,  and  use  as  the  starting  point  of 
our  discussion  a IM^  ‘‘fragment*’  which  is  collapsing  under  the  influence  of  its  own  gravity.  In 
general,  calculations  have  assumed  that  such  a fragment  may  be  treated  in  isolation,  ignoring 
l>*js^ii;’e  interactions  with  neighboring  fragments  in  the  cloud.  It  should  be  added  parentheiically 
that  r^ormand  and  Woolfson  (1971)  have  recently  suggested  that  such  interactions  are  instrumental 
in  fonning  the  solar  nebula.  This  revised  version  of  a “catastrophic”  theory  for  the  formation  of  the 
solitr  : ebula,  while  interesting,  has  not  provided  any  quantitative  results  and  so  will  be  ignored  for 
our  p»  rposes. 

' he  first  detailed  attempts  at  computing  the  collapse  behavior  of  a IM^^  fragment  were  done 
by  Hayashi  (1965)  and  co-workers  in  the  early  and  mid  1960*s.  They  assumed  that  the  cloud  was 
not  rotating  and  ignored  maguetic  fields.  Their  work  indicated  that  at  some  time  early  in  its  history 
:he  sun  was  perhaps  1000  times  as  luminous  as  it  is  now.  This  high  luminosity  phase  is  generally 
referred  to  as  the  ‘ Hayashi  Phase.”  If  such  a phase  occurred,  temperatures  in  the  solar  nebula  would 
have  been  about  5 times  higher  than  they  are  presently  (i.e.,  '^2000®  K at  1 A.U.  as  compared  to 
~40(»®  K at  1 A.U.  presently).  Thus,  any  dust  grains  present  in  the  nebula  would  be  vaporized. 

Subsequently,  Larson  (1969)  has  re-examined  the  problem  and  finds  that  Hay ashi’s  choice  of 
inifial  conditions  for  his  calculations  greatly  affected  his  results.  Using  more  realistic  initial  condi- 
tio is,  Larson  found  that  the  sun  would  not  have  gone  through  a high  luminosity  phase,  and 
ten  peratures  in  the  primitive  solar  nebula  would  have  been  only  2 to  3 times  higher  than  the 
present  vrdues.  Thus,  one  would  expect  some  of  the  primitive  dust  grains  to  have  survived  (i.e.,  not 
vaporized;  the  form  aon  of  the  Solar  System.  We  shall  return  to  this  point  later  in  a discussion  of 
planet  loirnation.  As  did  Hayashi,  Larson  did  not  include  rotation  in  the  dynamics  of  the  collapse. 
However,  stars  do  rotate  and  the  planets  fortunately  are  rotating  around  the  sun,  so  a realistic 
calculation  must  include  the  d>namical  consequences  of  rotation. 

Larx)n  (1971  has  attempted  to  calculate  the  dynamical  evolution  of  the  collapse  of  a rotating 
fragment.  He  was  limited  by  available  computer  power  to  a rather  coarse  numerical  representation 
of  the  colla^se.  More  rec^ntl>.  Black  and  Bodenheimer  (1974)  have  studied  the  problem  in  greater 
detail.  One  rather  sui^  .sing  result  is  that  with  the  values  of  angular  momentum  thought  to  be 
characteristi:  of  i^t‘»^stelIa^  clouds,  the  fragment  does  not  form  a star!  Instead,  it  forms  a ring  or 
toroidal  confix  auon.  The  subsequent  fate  of  this  material  is  poorly  understood,  but  it  seems 
reasonable  that  such  a configuration  would  be  highly  unstable  to  perturbations,  and  would  break  up 
into  disc^'^ie  blobs  rotating  around  the  common  center  of  mass.  This  behavior  is  qualitatively 
consists'll  with  binary  or  multiple  star  systems  if  these  blobs  eventually  form  stars.  As  most  stars  (at 
least  70  percent)  are  in  multiple  star  systems,  this  result  is  not  immediately  at  variance  with 
of  . /atiot . Larson  has  argued  that  single  stars,  such  as  the  sun,  are  formed  originally  as  part  of  a 
multiple  sti.r  system  a .d  then  ejected  from  such  a system.  However,  if  this  were  a correct  descrip- 
tion for  thr  origm  of  the  sun,  it  is  very  difficult  to  see  how  a planetary  system  could  survive  the 
ejection  prccess.  A more  fruitful  approach  would  seem  to  be  in  assuming  that  certain  cloud  frag- 
ments have  less  angular  momentum  than  others  and  that  these  fragments  are  the  ones  that  form 
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single  stars  (and  planetary  systems?).  Ev  ?n  then,  there  are  several  interesting  and  difficult  problems, 
wdilch  are  subjects  of  current  research.  It  may  safely  be  said  that  we  are  a long  way  from  an 
adequate  theoretical  understanding  of  how  single,  rotating  stars  and  their  nebulae  are  formed. 

In  spite  of  f’ese  difficulties,  certain  general  features  have  emerged  which  afford  a relatively 
crude  estimate  of  some  of  the  general  characteristics  of  the  primitive  solar  nebula.  As  is  well  known, 
the  terrestrial  planets  are  strongly  depleted  in  volatile  elements,  most  noticeably  hydrogen  and 
helium,  when  compared  to  the  outer  planets.  If  we  argue  that  these  planets  formed  from  a mixture 
which  origmally  had  their  elements  in  “solar  ’ abundance  ratios,  we  can  estimate  a minimum  mass 
for  the  primitive  solar  nebula.  Such  an  estimate  appears  in  table  I.  It  must  be  kept  in  mind  that  this 
is  a lower  limit  to  the  mass  because  of  the  implicit  assumption  of  100  percent  efficiency  in  accre- 
tion of  the  nonvolatile  elements  (table  I from  “Earth,  Moon  and  Planets,”  Whipple). 

TABLE  I. 


Present 

Ordinal 

Bodies 

mass 

(Earth  = 1) 

Factor 

minimum  mass 
(Sun=  1) 

Terrestrial 

2 

400 

0.002 

Jupiter 

318 

11 

.01! 

Saturn 

95 

36 

.010 

Uranus  and  Neptune 

32 

80 

.008 

Comets 

Total  minimum  original  mass 

1 

8,000? 

.024? 

0.055? 

It  would  seem  reasonable  then  that  the  solar  nebula  was  around  a few  tenths  of  the  mass  of  the  sun. 

In  addition  to  the  mass  estimate  discussed  above,  we  also  have  theoretical  and  experimental 
evidence  that  some  interstellar  dust  grains  present  in  the  solar  fragment  survived  the  formation  of 
the  Solar  System.  Theoretical  evidence  suggests  that  the  temperature  around  a IM^  star  would  only 
vaporize  dust  for  distances  of  ~0.5  A.U.  and  closer,  not  in  the  region  of  the  Earth  or  asteroids. 
Experimentally,  Black  (1972)  measured  neon  isotopic  compositions  in  carbonaceous  meteorites  and 
observed  a composition  which  he  tentatively  identified  as  being  extra-solar.  Subsequently,  Clayton 
and  co-workers  have  measured  oxygen  isotopic  ratios  in  carbonaceous  meteorites  which  differ  from 
any  others  ever  measured,  and  which  Qayton  etal.  (1973)  are  attributing  to  a distinct  nuclear 
composition  in  unvaporized  dust  grains.  In  summary,  the  available  data  and  theory  suggest  that  the 
primiti  *e  nebula  was  reasonably  cool  and  that  most  of  the  highly  refractory  elements  were  never  in 
the  gas  phase. 

Finally,  we  do  have  some  experimental  information  concerning  time  scales  in  the  early  Solar 
System.  As  the  techniques  involved  are  of  general  interest  and  are  relevant  to  selenology,  we  shall 
discuss  these  in  more  detail  later. 
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III.  FORMATION  OF  SOLID  BODIES  IN  THE  SOLAR  SYSTEM 


The  question  of  how  solid  bodies  (planets,  comets,  asteroids,  etc.)  formed  in  the  early  Solar 
System  is  as  hotly  debated  as  the  question  of  how  stars  form.  We  will  attempt  to  indicate  the  major 
schools  of  thought  and  inherent  difficulties. 


A.  Condensation  Models 

The  type  of  planetary  formation  model  considered  here  is  one  where  a fairly  massive 
(~  mass  )f  Jupiter)  region  of  the  solar  nebula  isolates  itself  gravitationally  in  a manner  similar  to  the 
fragments  in  interstellar  clouds.  Such  models  are  similar  to  the  “proto  planet”  hypothesis  of  Kuiper. 
It  is  suggested  that  dust  in  these  protoplanets  will  settle  and  form  a rocky  core,  and  that  terrestrial 
planets  formed  from  protoplanets  which  lost  their  gaseous  atmospheres  due  to  tidal  effects  from  the 
sun.  Several  difficulties  exist  with  such  models,  but  two  are  of  interest.  It  is  difficult  to  have  the 
fragmentation  occur  for  such  small  masses.  The  temperatures  in  the  primitive  solar  nebula  would 
have  had  to  be  very  cool  indeed,  a few  tens  of  degrees  Kelvin.  Also,  and  more  importantly,  the 
formation  period  of  the  Earth,  Moon,  etc.  would  have  been  one  of  few  impacts  by  external  objects. 
This  is  not  consistent  with  even  casual  observation. 


B.  Accretion  Models 

Most  workers  now  feel  that  planets  are  formed  by  the  process  of  accretion.  Dust  grains  in 
the  nebula  collide  and  stick,  forming  a single  massive  particle.  As  this  process  continues,  one  expects 
a distribution  in  mass,  with  most  of  the  particles  being  small,  and  progressively  less  particles  with 
increasing  mass.  Eventually,  one  or  two  of  the  “particles”  will  be  large  enough  to  gravitationally 
capture  objects,  and  not  have  to  rely  on  direct  impacts.  This  situation  is  unstable  in  the  sense  that 
bigger  objects  grow  faster  than  small  ones,  so  soon  there  are  just  a few  major  sized  bodies  sur- 
rounded by  a hierarchy  of  bodies  of  various  sizes.  Most  of  the  mass  is  contained  in  the  few  large 
bodies.  One  problem  with  accretion  is  that  it  is  fairly  slow,  and  one  must  rely  on  phenomena  which 
shall  not  be  discussed  here  to  speed  things  up.  Such  models  do  provide  ideal  conditions  for  intense 
surface  bombardment  activity  for  the  planets,  a point  in  their  favor. 


IV.  SOME  COMMENTS  ON  DATING  SCHEMES  AND  WHAT  THEY  MEASURE 


As  we  remarked  above,  there  are  data  which  permit  us  to  place  some  constraints  on  time  scales 
for  various  processes.  We  will  not  consider  here  the  dating  of  materials  by  measuring  spallation 
products  (cosmic  ray  ages),  but  concern  ourselves  with  time  intervals  inferred  from  radioactive 
decay  schemes. 


Radioactive  dating  falls  into  two  categories,  each  telling  us  something  different  about  the 
samples  studied.  These  two  categories  are  (1)  those  where  the  parent  nuclide  is  extinct  in  the  solar 
system  ('*’1,  ^‘‘‘’Pu)  and  (2)  those  where  the  parent  nuclide  is  extant  in  the  Solar  System  (‘*®K, 
87Rb,23S,238u,  232Th). 
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A.  Extinct  Radioactivities 


The  two  most  prominent  dating  schemes  here  are  ( 1 ) the  decay  of  * * ’ I to  * * * Xe  bv  beta 
emission,  and  (2) spontaneous  fission  of  to  Both  and  are 

thought  to  be  synthesized  in  supemovae.  and  once  formed  decay  with  haif-Iives  of  17  myr  and 
82  myr,  respectively. 

Both  decay  schemes  have  isotopes  of  the  rare  gas  xenon  as  daughter  products.  Measurements 
of  the  concentrations  of  these  daughter  products  tell  how  much  of  the  parent  nuclides  was  present 
at  the  time  the  samples  quantitatively  retained  the  rare  gas.  Inferred  ratios  of  * * ’ I/'  ^ ’ I at  the  time 
meteorites  were  cool  enough  to  retain  '*’Xe  are  ~1(T^.  Knowing  the  ha*Mife,  and  assuming  an 
nitial  produced  ratio  in  supemovae,  one  can  calculate  the  time  interval  from  the  last  addition  of 
nucleosynthetic  material  into  the  Solar  System  until  these  meteorites  cooled  sufficiently  to  retain 
Xe.  This  time  interval  is  about  10*  yrs.  Similar  values  are  found  from  the  ^**Pu~Xe  dating 
scheme.  There  are  ambiguities  in  how  th  is  number  is  to  be  interpreted.  If  the  * ^ ’ I was  added  when 
the  interstellar  cloud  collapsed,  it  means  that  meteorites  did  not  form  until  long  after  the  collapse 
was  finished,  because  the  collapse  takes  only  about  10*  years.  On  the  other  hand,  the  may 
have  been  added  when  the  cloud  moved  through  one  spiral  arm  in  our  galaxy,  and  the  collapse  of 
the  cloud  did  not  occur  until  the  cloud  ran  into  the  next  spiral  arm.  The  time  for  transit  between 
arms  is  ~ 1 0*  yrs,  so  one  cannot  say  anything  about  whether  meteorites  formed  quickly  or  slowly. 

Additional  work  with  * * ’ I dating  has  shown  that  the  small  spread  in  > ^ ’ i/>  2 I ratios  at  the 
time  the  meteorites  were  cool  enou^  to  retain  xenon  implies  that  the  various  meteorites  all  cooled 
to  the  same  temperature  within  about  10*  —10’  years  of  one  another. 

In  summary,  extinct  radioactivities  tell  us  about  time  intervals  from  nucleosynthesis  until 
meteorite  (lunar?)  formation.  They  do  not  say  anything  about  how  long  ago  meteorite  formation 
occurred. 


B.  Extant  Radioactivities 

This  group  nicely  complements  the  previous  one  in  that  it  provides  information  on  the 
time  interval  between  the  present  and  a point  in  time  when  the  samples  were  chemically  equili- 
brated. The  primary  dating  schemes  in  use  here  are  K-Ar,  Pb-Pb  and  Rb-Sr.  Potassium-40  decays  to 
form  the  rare  gas  isotope  **  Ar.  Dates  determined  with  this  technique  indicate  the  time  in  the  pa;>. 
when  the  samples  cooled  sufndently  to  begin  retaining  argon.  Uranium  238  and  235  decay  by 
emission  of  a-particles  to  form  ’®*Pb  and  ’“’Pb,  respectively.  Again,  this  technique  indicates  the 
time  when  chemical  equilibrium  was  established  between  U and  Pb. 

A particularly  powerful  scheme  is  that  utilizing  the  decay  of  ®’Rb  to  *’Sr.  Recent  develop- 
ments in  high  precision  mass  spectroscopy  and  the  lack  of  pronounced  terrestrial  contamination 
problems,  have  made  Rb-Sr  dating  a powerful  probe  of  events  in  the  history  of  solar  system  objects. 

Rb-Sr  measurements  shed  light  on  two  important  aspects  of  lunar  geology,  namely  (I)  crystal- 
lization ages  of  rocks  (chemical  equilibrium  of  Rb  and  Sr)  and  (2)  geochemical  differentiation.  A 
discussion  of  this  technique  is  not  proper  for  this  brief  outline,  but  I will  try  to  indicate  how  the 
information  is  obtained. 


17 


Laboratory  measurements  give  the  present  ®'^Rb/*^Sr  and  ®^Sr/**Sr  ratios  in  the  samples.  If 
samples  define  a straight  line  when  these  two  ratios  are  plotted,  one  learns  two  things.  First,  the 
intercept  of  the  line,  such  lines  are  called  isochrons,  with  the  Sr/®  ® Sr  axis  (i.e.,  ®^Rb/®  ®Sr  = 0) 
defines  the  initial  ® ’ Sr/®  ® Sr  ratio  for  these  samples.  Second,  the  slope  of  the  isochron  is  given  by 
e^^-1 , where  T is  the  age  to  be  determined,  X is  the  decay  parameter  for  ® Rb,  and  ® ^ Sr/®  ® Sr  is 
the  ordinate  (fig.  I).  Knowing  the  slope  and  X,  one  can  easily  determine  T.  In  some  samples,  one 
Hnds  that  different  minerals  define  separate  isochrons.  For  example,  in  figure  2,  rock  fragments 
define  an  isochron  with  T = 4.52X  10^  yr,  while  certain  fragments  of  this  rock  define  isochrons  of 
4.0X  10^  yrs;  that  is,  they  crystallized  half  a billion  years  later  than  the  whole  rock.  Also,  the  initial 
®^Sr/®  ^Sr  ratios  in  the  fragments  are  higher  than  the  whole  rock  value,  and  more  importantly,  they 
are  higher  than  what  one  would  expect  if  the  whole  rock  Rb/Sr  ratio  was  characteristic  of  the 
material  from  which  the  fragments  formed.  Thus,  the  fragments  formed  from  material  enriched  in 
Rb  beyond  the  source  material  for  the  bulk  of  the  rock.  Tlius,  there  was  geochemical  differentiation 
involved. 


I (®^Sr'®«Sr).-(®^Sr/“SrU  \ 

SLOPE  ={  \ T=T, 

I (®^Rb/®®Sr),  -{®^Rb/®®Sr)j ) ’ 

n-e  ‘^1)  I (*^Rb/®®Sr),-<®^Rb/®®Sr}2  \ 

e ‘T,  I 5,1^  I 


Figure  L-  Generalized  Rb-Sr  evolutionary  diagram. 
Sample  is  characterized  by  a uniform  ® ^Sr/*  ratio 
at  time  T=0,  As  the  ® '^Rb  decays  to  ® it  does 
so  in  direct  proportion  to  the  amount  of  ® '^Rb  pres- 
ent At  time  T=  Ti,  the  composition  has  evolved 
into  the  upper  ^isochron,  ” The  age,  Ty,  is  related  to 
the  slope  of  the  line  as  indicated  by  the  equation. 


Figure  2.  - Hypothetical  Rb-Sr  data  show  the  types 
of  information  one  can  obtain  from  samples.  It  is 
supposed  that  the  *\vhole  rock** isochron  was  gen- 
erated from  the  T = 0 system.  The  initial 
ratio  for  the  4,0  by  fragment  is  higfrer 
than  expected  from  0,5  by  evolution  of  the  whole 
rock  reservoir  (dashed  line),  implyinit  that  the  frag- 
ment came  from  a geochemically  different  reser- 
voir than  the  whole  rock  sample. 
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This  is  not  intended  to  be  a comprehensive  discussion,  and  hopefully  these  points  will  be  more 
explicitly  explained  in  the  verbal  presentation. 


V.  HYPOTHESIS  FOR  THE  ORIGIN  OF  THE  MOON 


Perhaps  the  most  enigmatic  properties  of  the  Moon  (aside  from  its  very  existence!)  are  the 
differences  in  mean  density  and  chemistry  between  the  Muon  and  the  Earth.  Any  viable  hypothesis 
as  to  the  origin  of  the  Moon  must  account  for  these  problems.  Most  hypotheses  fall  into  one  of 
three  general  categories:  (1)  the  Moon  formed  when  the  primitive  Earth  fissioned  due  to  rotation, 
(2)  the  Moon  formed  from  a circum-terrestrial  “nebula”  by  accretion  and  (3)  the  Moon  formed  at 
some  different  point  in  the  Solar  System  and  was  captured  by  the  Earth. 


A.  Fission  Hypotheses 

Most  variants  of  this  category  argue  that  a hot,  rapidly  rotating  young  Earth  underwent 
“fission”  and  separated  into  two  pieces  one  of  which  was  the  Moon.  The  motivation  behind  such 
models  is  that  if  the  fission  did  not  occur  until  le  Earth  had  its  iron  in  a core,  then  the  small 
fragment  would  contain  primarily  mantle  material  and  would  have  a lower  density  than  the  Earth. 
The  primary  difficulties  with  such  hypotheses  are  the  large  angular  momentum  required  for  the 
initial  Earth  and  the  orbital  inclination  of  the  Moon  relative  to  the  Earth’s  equator.  Also,  it  is  not 
clear  that  the  details  of  lunar  chemistry  can  be  made  compatible  with  a fission  origin. 


B.  Greum-Terrestrial  Accumulation 

Again,  there  are  several  variants  to  be  found  on  this  hypothesis.  Basically,  the  concept 
involves  a swarm  of  bodies  orbiting  the  Earth  which  eventually  accreted  to  form  the  Moon.  It  is 
certainly  likely  that  such  an  environment  existed  around  the  primitive  Earth,  but  it  does  not  seem 
to  adequately  address  the  compositional  differences  between  the  Earth  and  the  Moon.  If  the 
circum-terrestrial  bodies  formed  near  the  Earth,  one  would  expect  them  to  have  iron  in  terrestrial 
abundance.  Also,  integrations  of  lunar  orbits  back  in  time  indicate  that  it  had  an  even  higher  orbital 
inclination  in  the  past  than  it  does  now.  This  is  hard  to  understand  if  the  Moon  formed  entirely 
from  this  circum-terrestrial  material. 


C.  Capture  Hypotheses 

Two  principal  variants  of  this  school  exist.  One  relies  on  gravitational  capture  of  the 
Moon  by  the  Earth,  that  is  energy  dissipation  through  tidal  interaction  only,  and  the  second  relies 
on  collisional  capture.  Capture  hypotheses  offer  natural  explanations  for  the  orbital  inclination  of 
the  Moon  and  for  differences  in  chemistry  and  density.  If  the  Moon  formed  in  a region  of  the  Solar 
System  other  than  that  from  which  the  Earth  formed,  one  expects  a priori  that  the  compositions 
would  be  differe’*t.  The  m^or  criticism  of  the  capture  hypothesis  has  been  that  it  is  very  improb- 
able. Sr.cli  arguments  should  be  given  minimal  weight. 
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If  gravitational  capture  is  considered,  it  appears  to  be  difHcult  to  dissipate  energy  sufficiently 
rapidly  to  bring  about  capture.  Recent  work  by  Kaula  and  Harris  have  shown  that  if  one  has  a ring 
of  material  in  orbit  around  the  Earth,  and  if  the  mass  of  the  ring  is  only  ^1/600  that  of  the  Moon, 
it  could  dissipate  the  energy  of  an  incoming  lunar  mass  object  sufficiently  to  allow  capture. 


VI.  ONE  MAN’S  VIEW 


Here  I wish  to  try  and  synthesize  the  preceding  remarks  into  a working  scenario  within  which 
subsequent  discussions  might  be  considered. 

The  available  evidence  strongly  suggests  that  planets  formed  by  accretion  through  a hierarchy 
of  particle  masses.  The  terminal  stages  for  this  process  probably  involved  collisions  between  large 
bodies.  The  region  of  the  Solar  System  which  is  known  as  the  asteroid  belt  is  one  where  for  some 
reason  this  accretion  process  was  not  carried  to  completion  and  we  see  there  a fossil  example  of  the 
hierarchy  in  mass  discussed  above.  The  terminal  phase  of  planetary  formation  was  a hectic  one  in 
the  sense  that  high  velocity  debris  of  varying  sizes  were  moving  from  as  far  out  as  Jupiter  into  the 
region  of  the  terrestrial  planets.  Most  of  the  terrestrial  planets  were  surrounded  by  swarms  of 
smaller  bodies  during  this  terminal  phase. 

The  Moon,  or  the  bulk  of  it,  was  formed  in  a region  of  the  Solar  System  different  than  that  in 
which  the  Earth  formed,  and  was  captured  upon  close  passage  to  the  Earth  as  a consequence  of  a 
collision  with  circum-terrestrial  material.  Once  captured,  its  surface  was  bombarded  by  particles  in 
terrestrial  orbit,  as  well  as  particles  like  the  Moon  which  came  from  ether  regions  of  the  Solar 
System. 

It  is  very  difficult  to  speculate  on  whether  the  Juration  of  this  bombardment  phase  for  the 
Moon  monitors  the  time  evolution  of  particles  near  the  Earth  or  bombarding  particles  within  the 
Solar  System  generally.  Additional  evidence  on  the  bombardment  history  of  Mars  and  Mercury  may 
well  provide  sufficient  evidence  to  answer  this  question,  and  thereby  shed  light  on  an  important 
time  interval  in  the  early  history  of  the  Solar  System. 
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ORIGIN  OP  'IHB  SOLAR  SISTEM 
REVIEW  OF  CONCEPTS  AND  THEORIES 

V.H.  McCrea 

Astronomy  Centre 
University  of  Sussex 
Brighton  BN1  9QH  England 

Ibstract . A short  outline  is  ^iven  of  some  of  the  main  empirical 
features  of  the  solar  systom.  Cataclysmic  theories  of  its  origin 
.ire  brie*  Xy  mentioned.  The  general  concept  of  a solar  nebula  Is 
describe  • A .cumulatior  theories  of  the  formation  of  planets  from 
the  neLxila  are  sketched  with  some  critical  comments.  A proto-planet 
theory  of  the  origin  of  planets  and  satellites  is  then  considexed. 

An  attempt  is  made  to  place  as  much  as  possible  of  the  work  in  a 
general  setting  and  to  call  attention  to  a number  of  physical 
mechanisms  that  feature  in  one  way  or  another  in  a ntimber  uf  theories* 

Introducti on 

The  dominant  member  of  the  Solar  System  is  the  Sun.  However,  the  intention 
here  is  to  consider  largely  the  origin  of  the  other  members  of  the  System  and 
consider  the  origin  of  the  Sun  only  so  far  as  it  elucidates,  or  Is  elucidated  by, 
that  of  the  rest. 

Up  to  nearly  the  year  1800  the  study  of  the  Solar  System  (SS)  was  almost  the 
whole  of  astronomy.  Since  then  the  scope  of  astronomy  has  expanded  prodigiously. 
Nevertheless,  at  the  present  time  there  is  a great  resxirgence  of  interest  in  the  S3, 
partly  because  of  the  operations  of  space  vehicles,  but  for  many  other  reasons  as 
well.  Doubtless  at  the  back  of  the  mind  of  many  is  the  hope  of  discovering  the 
origin  of  life.  For  astronomers,  however,  there  seems  to  be  a prevalent  impress- 
ion that  significant  progress  is  now  being  made  towards  understanding  the  origin  of 
the  System  itself. 

If  such  progress  is  indeed  being  or  is  about  to  be  achieved,  then  it  is 
because  recent  developments  in  so  many  sciences  are  being  brought  to  bear  upon  the 
problem  — dynamics,  physics,  astrophysics,  geophysics,  cosmochemistry  and  so  on. 
Fortunately,  some  of  the  contributions  tell  us  that  certain  features  probably  have 
little  to  do  with  the  origin  of  the  System,  so  that  every  fresh  contribution  does 
not  necessarily  add  to  the  complexity.  Nevertheless,  the  subject  has  become  so 
complicated  that  it  would  be  absurd  to  try  to  make  a comprehensive  survey  within 
the  scope  Oa  one  slort  essay* 

I have  been  la'^ited  to  describe  the  v«.a^ious  "models".  I shall  attempt  to  do 
this  in  a way  that  I hope  will  help  us  to  see  in  whai  ■.  le  subsequent 
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l>artlculaLr  contributions  fit  into  the  general  pettern  of  the  subject.  But  X do  not 
propose  to  catalogue  such  cortributions , and  any  X mention  are  to  be  taken  only  by 
way  of  illustration. 


Solar  System  : empirical 

Ihe  SS  is  composed  of  the  Sun,  nine  planets , 32  known  (natural)  satellites  and 
a ring-system^  asteroids^  meteoroids^  comets^  interplanetary  dust  and  gas. 

The  Sun  is  an  av'erage  main-sequence  star  which  appears  to  be  normal  in  every 
respect. 

The  nine  planets  may  be  classified  (table  l)  as: 

A.  Six  principal  planets  comprising:  the  major  planets,  Jupiter  and  Saturn;  the 
outer  planets,  Uranus  and  Neptune;  the  terrestrial  planets,  Venus  and  Earth.  The 
planets  in  each  pair  are  quite  similar  to  each  other.  In  passing  from  one  pair  to 
the  next  in  the  order  stated,  the  mean  mass  decreases  by  an  order  of  magnitude,  and 
the  mean  density  increases. 

B*  Three  lesser  planets.  Mercury,  Mars,  Pluto.  These  are  again  about  an  order  of 
magnitude  smaller  in  mass  than  the  terrestrial  planets , but  they  are  similar  in 
densi ty. 


Table  1 Planets  and  Satellites 

Principal  planets  Mass  Mean  density  Regular  Satellites  Miscellaneous 

Satellites 

(Earth  mass)  {g  cm  ) Main  Minor  Ring  System 


JUPITER 

318 

1 .4 

k 

1 

- 

7 

Major 

SATURN 

95 

0.7 

1 

7 

1 

2 

NEPTUNE 

17 

1.7 

1 

1 

Outer 

URANUS 

15 

1.3 

5 

- 

- 

EARTH 

1 

5.5 

1 

— 

Terrestrial 

VENUS 

0.82 

5.2 

- 

- 

- 

- 

Lesser  planets 

PLUTO 

0.11 

4.8 

- 

- 

- 

- 

MARS 

0.11 

3.9 

- 

- 

- 

2 

MERCURY 

0.06 

5.5 

• 

_ 
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The  satellites  may  be  classified  as: 

A.  Re^lar  satellites  conipri«>in^ 

(a)  Main  satellites  including  the  Noon,  the  four  Galilean  satellites  of  Jupiter, 
the  largest  satellite  of  Saturn  (Titan),  and  the  large  satellite  of  Neptune  (Triton). 
These  have  masses  about  an  order  of  magnitude  less  thEux  those  of  the  lesser  planets* 
Their  densities  are  similar,  but  they  fall  off  somewhat  with  distance  from  the 
parent  planet. 

(b)  Minor  satellites  including  the  innermost  satellite  of  Jupiter,  the  seven  inner 
satellites  of  Saturn  (excluding  Titan),  the  five  satellites  of  Uranus.  These  all 
appear  to  be  comparable  amongst  themselves  but  the^r  masses  are  about  two  orders  of 
magnitude  smaller  than  thosa  of  the  main  satellites.  Saturn*s  rings  appear  to  be 
associated  with  its  minor  satellites* 

B.  Miscellaneous  satellites  comprising  the  two  tiny  satellites  of  Mars  and  the 
ten  outermost  satellites  of  Jupiter,  Saturn  auid  Neptune.  It  is  evident  that  these 
small  bodies  are  not  in  the  categories  mentioned  in  A and  that  they  are  relatively 
insignif  xcont . 

Xt  may  be  noted  that  the  main  satellites  are  distributed  amongst  all  the 
various  sorts  of  principal  planets,  while  minor  satellites  are  associated  only  with 
planets  of  relatively  low  density  and  short  rotation-period.  Apart  from  the  mini- 
scule satellites  of  Mars,  the  lesser  planets  are  devoid  of  satellites,  so  far  as  is 
known. 

Xt  may  be  remarked  that  the  ptirely  empirical  features  of  the  various  satellite 
systems  make  each  of  them  in  many  respects  unlike  a miniaturized  planetary  system. 

As  is  well-kno%m  the  SS  possesses  no  known  simple  strict  regularity.  But  it 
possesses  many  approximate  regularities  concerning  the  orbits,  their  near-circular- 
ity,  their  planes  and  their  spaclngs , concerning  the  axial  spins,  and  so  on.  There 
are  also  features  to  do  with  the  distribution  of  angular  momentum.  Xn  particular, 
there  is  one  near-regularity  that  may  be  the  most  important;  it  may  be  described  as 
follows. 

The  present  composition  by  mass  of  the  Sun  is  approximately  hydrogen  70%t 

helium  28^,  heavier  elements  2%.  Xt  is  generally  accepted  that  Jupiter  and  Saturn 

TO 

could  have  abou*:  this  (standard)  composition.  Their  mean  mass  is  g.  If  we 

start  with  such  a mass  of  standard  composition  and  remove  some  905S  of  the  light 

elements  we  get  bodies  like  Uranus  and  Neptune,  if  we  remove  99^  of  these  elements, 

wc  get  bodies  like  Earth  and  Venus.  In  this  way  we  can  associate  with  the  six 

30 

principal  planets,  six  steuidard  planets  of  mass  10  g or  thereabouts  made  of  stand- 
ard material. 

All  the  other  components  of  the  SS  (asteroids,  etc.)  contain  relatively  little 
mass.  Althou^  they  present  many  problems  of  much  interest  in  their  own  ri^t,  any 
significance  they  have  in  the  immediate  context  is  likely  to  be  in  providing 
certain  tests  of  theories  of  the  origin  of  planets  and  satellites. 

Theoretical  aims 

A successfxil  theory  of  the  origin  of  the  SS  would  be  expected  to  account  for 
the  existence  and  number  of  the  planets,  their  total  mass  and  the  mass  of  the  mo^t 
massive  planet,  their  composition,  their  axial  rotations,  and  the  spacing  of  their 
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orbits.  It  would  be  expected  to  account  for  the  corresponding  properties  of 
satellites.  Also  it  should  account  for  any  observed  correlations  betwe-  any  of 
these  features. 

Such  a theory  should  lead  to  inferences  about  the  occurrence  of  other  similar 
systems  in  the  cosmos , euid  probably  about  connections  between  them  and  the  occun ~ 
ence  of  bii  aury  stars,  multiple  stars,  and  so  on. 

Raw  material 

Modern  thinking  about  the  origin  of  the  planets  began  before  much  was  known 
about  the  composition  of  the  rest  of  the  astronomical  universe.  So  cosmogonists 
could  start  only  from  either  a purely  speculative  hypothesis  of  a "solar  nebula" , 
as  for  example  Laplace  did,  or  from  what  appeared  to  be  an  obvious  fact  of  obser- 
vation that  the  only  matter  within  reach  was  all  in  the  Sun  itself. 

Preferring  fact,  as  they  thought,  to  hypothesis,  for  about  the  first  half  of 
this  century  cosmogonists  sought  persistently  to  show  how  matter  could  have  been 
extracted  from  the  Sun  to  form  the  SS. 

Cataclysmic  theories 

Because  the  Sun  itself  is  a rather  pacific  star,  a cataclysm  of  some  kind 

voxild  be  required  to  extract  matter  from  it.  So  it  appears  that  some  dramatic 

intervention  by  a second  star  has  to  be  invoked.  As  is  well-known,  distinguished 

astronomers  have  expended  much  ingenuity  in  investigating  such  possibilities.  None 

of  these  older  attempts  produced  acceptable  theories.  During  the  past  10  years, 

1 ) 

however.  Professor  Michael  Woolf  son  of  York  has  returned  to  the  general  concept  but 
with  certain  novel  astrcnomiral  and  computational  features  — and  with  results  that 
are  highly  interesting  in  themselves.  May  X be  allowed  to  commend  Woo If son's  work 
as  worthy  of  the  most  serious  study? 

Solar  nebula 

Since  the  days  when  cataclysmic  theories  began  to  be  considered,  astronomers 
have  established  two  simple  features  of  the  stellar  system  that  are  crucial  for  our 
problem.  One  is  that  in  the  Galaxy  there  does  exist  much  diffuse  material,  and 
the  other  is  that  many  stars,  inciuding  the  Sun,  mus  . have  been  formed  after  the 
GaJaxy  had  reached  its  present  state,  and  formed  presumably  from  this  ob"*erved 
materia]  * Thus  we  may  claim  to  know  that  the  Sun  was  formed  out  of  known  material 
and  to  know  that  the  same  material  would  be  the  required  raw  material  for  forming 
planets.  We  are  almost  driven  to  the  conclusion  that  the  planets  were  formed  out 
of  the  sort  of  interstellar  material  that  astronomers  observe  every  day  and  that 
this  happened  at  the  same  time  as  when  the  Sim  was  formed  from  the  same  material, 
or  not  long  thereafter. 

When  the  planets  were  about  to  be  formed,  we  thus  infer  that  the  raw  material 
was  in  some  diffuse  state  and  retained  by  the  gravitational  attraction  of  the  Sun 
(already  formed  or  still  being  formed).  In  a general  sense  we  come  back  to  Laplaces 
notion  of  a solar  nebula. 
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In  figure  1 I have  tried  to  convey  an  impi  ssion  of  the  solar  nebula  that 
covers  most  of  the  features  contemplated  in  current  theories.  It  is  a diffuse 
cloud  of  niaterial  circulating  in  the  Sun*s  gravitational  field  and  having  linear 
extent  about  that  of  the  existing  Solar  System.  The  material  may  be  fairly  evenly 
or  very  patchily  distributed.  The  motion  may  be  fairly  regular  rotation,  or 
rotation  with  large  vortices,  or  highly  chaotic  and  turbulent.  In  consequence  of 
the  rotation,  the  system  must  be  flattened  in  some  way,  and  various  possible  pro- 
files that  have  been  discussed  are  sketched. 

The  material  is  taken  to  have  standard  composition.  Its  temperature  Is 
probably  of  the  order  of  1 00°K.  The  hydrogen  and  helium  would  be  in  the  form  of 
gas,  the  hydrogen  being  mostly  molecular.  Tl.e  heavier  elements  would  be  partly  in 
the  form  of  gas,  and  partly  incorporated  int<^  dust-grains  — metal  grains,  graphite 
grains,  silicate  grains  — forming  altogether  1 or  2 percent  cf  the  material  by  mass. 


Fi'-ure  1 Solar  nebula  showing  various  suggested  profiles, 
(The  drawing  indicates  that  the  material  may  be  patchy  and 
that  there  may  be  large-scale  eddies.) 


I give  this  description  of  the  solar  nebula  in  this  rather  nebulous  form 
because  it  can  then  be  made  the  central  feature  in  i i attempt  to  give  an  overall 
view  of  present  day  activity  in  the  whole  field.  Thus,  consideration  of  the 
provenance  of  the  solar  nebula  leads  on  to  the  study  of  the  physics  of  the  solar 
nebula,  and  this  in  turn  leads  into  theories  of  the  formation  of  planets  and 
satellites. 

Provenance  of  solar  nebula 

Ihere  are  several  views  aepending  upon  the  intimacy  of  the  connection  with  the 
formation  of  the  Sun  itself. 

(a)  Sun  assumed  to  be  in  its  final  state.  Here  the  material  is  considered  to  be 
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captured  from  an  interstellar  cloud  either  by  the  intervention  of  another  star  (so 
that  we  have  some  element  of  cataclysmic  processes  remaining)  , or  simply  by 
accretion  so  that  capture  results  from  collisions  between  portions  of  the  infalling 
material*  On  this  view  the  amount  of  captured  material  and  its  total  angular 
momentum  are  fortuitous  features  depending  upon  the  density  of  the  cloud,  the 
relative  speed  of  the  Sun,  and  so  on.  The  spin  of  the  Sun  need  have  no  relation 
to  the  rotation  of  the  captured  material* 

It  seems  certain  that  the  Sun  must  from  time  to  time  pnss  through  an  intern- 
stellar  cloud  and  also  that  the  processes  contemplated  could  ensue*  On  the  other 
band,  it  seems  hard  to  say  more  than  this,  so  that  there  are  few  particular  features 
that  are  testable  by  theory  or  by  observation. 

(l  cannot  refrain  from  offering  certain  critical  comments  as  I proceed,  but  I 
do  not  attempt  here  to  present  detailed  or  systematic  criticisms), 

(b)  Sun  still  being  formed  in  interstellar  cloud*  Because  we  infer  that  the  Sun 
was  formed  from  the  sort  of  interstellar  material  considered,  it  makes  for  economy 
of  hypothesis  to  suppose  that  the  solar  nebula  consists  simply  of  material  left 
over  in  forming  the  Sun*  If  so  wo  might  have  a clue  as  to  the  density  to  be 
expected,  also  we  should  on  general  grounds  expect  such  material  8ind  the  Sun  itself 
to  have  roughly  the  same  axis  of  spin*  Also  the  Sun  may  have  gone  through  a 
*Hayashi"  phase  while  the  solar  nebula  was  in  position,  and  this  may  have  influenced 
its  physical  state* 

Again,  we  should  think  it  most  likely  that  the  Sun  was  formed  along  with  a few 
hundred  other  stars  composing  a galactic  cluster  (since  dispersed).  Certain 
properties,  particularly  the  overall  size  of  the  solar  nbbula  may  depend  on  this 
circumstance* 

On  such  a pict  u*e , the  solar  nebula  may  never  had  had  a clear-cut  identity;  it 
could  have  been  exchanging  material  with  the  rest  of  the  cloud  at  all  relevant  times. 

It  may  be  that  this  approach  has  not  yet  served  to  predict  quantitative 
properties  of  the  solar  nebula,  but  at  the  same  time  we  can  claim  that  the  mere 
fact  of  the  Sun  being  formed  out  of  diffuse  material  is  a guarantee  that  such 
material  was  at  hai^d  and  several  resulting  circumstances  are  qualitatively  advan- 
tageous in  other  respects.  (Xt  should  be  mentioned  that  Voolfson  thinks  of  his 
process  as  having  most  likely  taken  place  in  the  early  stages  of  the  history  of  a 
stellar  cluster  so  that  even  here  there  are  some  common  featiires). 

(c)  Solar  nebula  treated  as  part  of  solar  condensation.  Some  workers  go  back  to 

something  even  more  like  the  original  Laplace  solar  nebula*  They  think  of  the  Sun 
being  formed  fi  "»m  a distinct  portion  of  the  raw  material  that  contracts  under  its 
self  gravitation*  With  any  likely  initial  angular  momentum,  this  could  not  con- 

tract to  solar  size  without  rotational  break-up.  But  it  is  postulated  that  up  to 
a certain  stage  there  will  be  magnetic  linking  to  the  surrounding  interstellar 
medium  resulting  in  magnetic  braking  of  the  increasing  spin*  It  is  thought  that 
the  link  must  become  severed  at  some  stage  so  that  there  is  further  spin-up,  with 
resulting  equatorial  break-up*  Then  it  is  supposed  that  there  will  be  a magnetic 
link-up  of  the  proto-Sun  with  the  discarded  material  causing  an  outward  transfer  of 
angular  momentum*  On  this  picture , the  discarded  material  is  in  fact  the  solar 
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nebula*  Some  such  sequence  of  processes  has  been  claimed,  originally  by  D.ter  Haar^ 

3) 

and  more  recently  by  F.  Hoyle,  'to  predict  more  precise  properties  for  .the  solar 
nebula  than  any  of  the  others*  However,  X scarcely  think  it  ha?  yet  been  estab-> 
lished  that  the  postulated  processes  would  inevitably  occur,  or  that  if  they  did 
they  would  operate  with  the  extreme  efficiency  needed  in  order  to  achieve  the 
required  distribution  of  angular  momentum* 


Physics  of  solar  nebula 

Much  work  is  concentrated  upon  the  study  of  the  mechanics  and  physics  of  the 
solar  nebula  evidently  on  the  implied  belief  that  if  a theory  explains  how  suitable 
material  can  be  produced  in  a suitable  location  there  is  no  doubt  that  the  planets 
will  be  formed  from  it* 


There  is  now  a dichotomy  in  the  development*  One  type  of  theory  regards  the 
differentiation  of  material  as  occurring  mainly  in  the  solar  nebula,  from  which 
planets  are  then  formed  with  their  permanent  composition*  Another  type  considers 
that  first  a number  of  similar  condensations  were  formed  in  the  raw  material 
proto^planets  ^ and  that  differentiation  then  occurred  within  these  bodj.es,  ifdxich 
proceeded  to  evolve  in  different  ways*  The  former  type  naturally  demands  the  more 
elaborate  study  of  the  solar  nebula* 

This  study  has  several  aspects*  It  has  always  to  be  recognized  that,  if  it  is 
fulfilling  its  essential  rSle  of  producing  the  planetairy  system,  the  state  of  the 
solar  nebula  with  which  we  are  concerned  is  necessarily  transitory* 

Hydrodynamics  * The  problem  is  that  of  fluid  in  the  vicinity  of  a central  plane  in 
rotational  motion  about  an  axis  perpendicular  to  the  plane,  under  gravitational  * 
forces*  Most  present  day  treatments  seem  to  regard  fluid  as  turbulent  — although 
different  reasons  for  doing  so  are  adduced  — and  in  particular  turbulent  pressure 
may  be  important* 


Thermodynamics  * The  aim  being  to  infer  the  density  and  temperature  distribution, 
the  thermodynamic  behaviour  is  iipportant*  The  material  is  heated  mainly  by  the 
solar  radiation  and  cooled  mainly  by  le-emission , and  so  the  opacity  has  to  be 
studied.  The  temperature  es''.xmated  finally  is  usually  of  the  order  of  magnitude 
100°K  in  the  part  near  the  Sun,  falling  to  much  lower  values  further  away,  but 
estimates  differ  very  considerably.  Densities  are  typically  of  the  order 
10^' ^g  cm^* 


Chemistry*  It  seems  that  the  chemistry  of  material  in  such  conditions  presents 
novel  problems*  On  the  whole  if  my  impression  is  correct  — substeuices  con« 
dense  out  in  the  form  of  metal  grains,  silicate  grains  etc.,  much  as  astrophysicists 
estimated  in  the  past , but  apparently  xhe  details  are  more  complicated  and  the 
variety  of  materials  greater  than  had  been  expected*  It  is  highly  reassuring  thav 
some  workers  are  nowadays  able  to  check  some  of  the  predictions  by  laboratory  tests. 

The  outcome  of  all  this  is  the  prediction  of  a rather  complex  variation  of 
grain  materials  through  the  system* 


Sedimentation*  There  are  various  mechanical  actions  on  a grain  that  are  not 
significant  for  atoms  pr  molecules  of  the  fluid*  E^vidently  the  main  effect  is  for 
them  to  tend  to  fall  towards  the  cent,  tl  plane  of  the  system.  Several  authors  have 
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studied  this  process.  Some  grains  will  adhere  If  they  encounter  each  other  and 
this  property  greatly  affects  the  outcome.  In  the  context,  E.Orowan  'several  years 
ago  concluded  that  metal  grains  would  adhere,  but  not  silicate  grains.  So  at  any 
stage  there  may  be  further  differentiation  of  the  material  by  sedimentation,  in 
addition  to  the  chemical  differentiation  already  mentioned. 

Other  effects.  Some  authors  infer  that  there  is  significant  loss  of  ll^t  gases 
from  the  parts  of  the  system  remote  from  the  Sun. 

Some  infer  the  possibility  of  motion  which,  viewed  in  a frame  rotating  with 
the  mean  motion,  gives  the  effect  of  a pattern  of  great  eddies.  They  thinV  that 
the  Interesting  deposition  of  material  and  condensations  will  occur  in  the  inter* 
stices  between  these  eddies*  Thus  there  would  arise  a still  further  ordering  of 

the  materials.  Here  I refer  to  the  line  of  thought  initiated  by  K.P.  von  Veiz* 

• 5) 

sacker.  ' 

Accumulation  of  planets 

Hitherto  a prevalent  view  according  to  this  development  of  the  subject  has 
been  that,  having  apparently  explained  how  the  grain  material  may  come  to  be  dis* 
tributed  in  zones  of  different  cempositions  (and  by  virtue  of  the  way  in  which  this 
material  has  reached  the  central  plane  it  may  by  then  consist  of  solid  particles  of 
centimetre  dimensions  or  more)  it  can  be  almos^t  taken  for  granted  that  this  material 
must  then  accumulate  into  a few  large  bodies.  These  will  have  compositions  deter* 
mined  by  the  zones  in  which  they  form.  In  the  zone  near  which  most  gas  remains 
some  of  it,  also,  may  be  incorporated  into  these  bodies*  It  is  claimed  that  the 
resulting  variation  of  composition  matches  that  in  the  actual  Solar  System. 

Let  us  first  of  all  take  a comprehensive  view  made  possible  by  the  recent 

6) 

computer  simulation  ceirried  out  by  S.H*  Dole*  ' 

Dole  takes  a solar  nebula  having  certain  assumed  properties , including  the 
assumption  that  the  grains  move  in  Kepler  orbits  of  given  fairly  large  eccentricity. 
In  his  simulation,  he  injects  a planetary  "nucleus*'  of  a certain  mass  and  size  and 
supposes  it  picks  up  every  grain  it  meets.  After  It  has  picked  up  everything  it 
can.  Dole  injects  auiother,  at  random,  and  lets  it  move  under  the  same  conditions 
together  with  the  assumption  that  if  it  encounters  the  first,  it  will  coalesce  with 
it.  And  so  on.  He  has  also  the  assumption  that  after  growing  to  a certain  size, 
any  of  his  bodies  may  gather  gas  as  well  by  gravitational  accretion.  The  whole 
process  is  supposed  to  go  on  until  all  the  grain  material  has  been  swept  up. 

Dole  has  published  typical  sets  of  results  of  his  simulation  experiments  show- 
ing the  number,  masses  and  spacing  of  his  planets,  compared  with  the  actual  SS«  At 
first  sight  the  outcome  is  so  impressive  that  it  looks  as  though  the  problem  has 
been  solved  in  all  essentials  and  little  remains  to  be  done.  However,  I do  not 
think  this  is  how  even  Dole  himself  would  view  it. 

He  selects  four  parameters  of  the  actual  SS  that  he  seeks  approximately  to 
reproduce.  On  my  reckoning,  his  system  has  11  di  '^osable  parameters  to  enable  him 
to  do  it.  He  should  thus  be  able  to  reproduce  the  four  parameters  in  infinitely 
many  ways.  What  his  work  shows  is  some  of  the  requirements  that  would  be  suffici* 
ent  (though  not,  of  course,  necessary)  to  produce  a planetary  system  in  this  way. As 
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would  be  expected y it  shows  also  that  the  results  are  sensitive  to  some  of  the 
assumptions  and  insensitive  to  others. 

The  assumptions  cannot  be  discussed  here  in  any  detail » but  obviously  one  of 
the  most  important  is  the  assumption  that  at  all  intermediate  stages  bodies  will 
coalesce  if  they  meet. 

The  problems  associated  with  some  of  the  assumptions  are  brou^t  out  clearly 
in  the  recent  extensive  investigations  by  Alfven  and  Arrhenius  and  by  Safronov « and 
from  somewhat  different  aspects  in  that  by  Cameron.  In  particular « they  discuss 
this  problem  of  the  coalescence  of  bodies.  This  has  led  Alfven  and  Arrhenius  to 
the  concept  of  “Jet  streams"  produced  by  a process  of  gravitational  focussing  of 
orbits  of  inelastically  interacting  particles.  It  has  led  Safronov  to  a concept  of 
"rings"  of  material  produced  in  a rather  similar  manner.  Once  such  a stream  or  ring 
has  been  f ormed « it  is  apparently  possible  to  infer  that  particles  composing  it  will 
coalesce » presumably  as  a result  of  some  slight  perturbation  of  the  motion. 

Digressing  for  a moment.  Professor  R.A.  Lyttleton  allows  me  to  quote  some  work 

that  will  shortly  appear  and  that  is  an  elaboration  of  some  he  published  earlier  in 

7) 

his  book  Mysteries  of  the  Solar  System.  ' He  infers  that  the  grain  material  will 
settle  very  accurately  into  a plane  before  anything  else  happens.  This  gives  a 
layer  only  a centimetre  or  so  thick.  Lyttleton  calculates  that  a body  can  grow  by 
accumulation  frtm  such  a layer  in  a very  short  time. 

This  settling  into  a plane  is  itself  a process  of  "gravitational  focussing" 
and  it  is  beautifully  Illustrated  in  practice  by  Saturn’s  rings.  Whether  it  could 
operate  throu^out  the  nascent  SS  is  perhaps  more  doubtful.  One  would  expect  some 
perturbation  that  would  result  in  streams  of  some  kind,  rather  than  a layer,  and 
this  would  be  precisely  the  result  got  by  the  other  authors  I have  mentioned.  So 
this  brings  one  back  to  the  accumulation  problem  as  stated* 

The  details  of  one  way  in  which  the  accumulation  might  occur  have  been  studied 
by  R.T.  Giuli®^  in  the  context  of  the  Alfven-Arrhenius  type  of  theory.  The  work  is 
claimed  at  the  same  time  to  account  for  the  spin  of  the  accumulating  body  and, 
incidentally,  to  show  that  the  angular  velocity  would  be  always  about  the  same.  It 
is  also  claimed  that  such  a theory  leads  fairly  naturally  to  the  formation  of 
satellites  as  well,  although  I am  not  aware  of  detailed  studies. 

Again  I must  refer  also  to  Cameron’s  extensive  work  which,  I understand,  he 
will  describe  elsewhere  in  this  report. 

Much  ingenuity  has  thus  gone  into  showing  how  bodies  might  accumulate  in  a 
solar  nebula  once  certain  starting  conditions  are  assxamed  to  be  realized.  But  the 
work  on  the  physical  state  of  the  solar  nebula  has  not  been  shown  necessarily  to 
produce  these  conditions.  One  example  is  that  much  of  the  work  on  the  accumulat- 
ion process  evidently  requires  the  initial  grains  to  move  in  orbits  of  improbably 
large  eccentricity.  Even  if  this  requirement  .ould  be  met,  it  seems  that  it  would 
nullify  the  segregation  of  materials  inferred  from  other  assumptions.  Moreover, 
very  little  of  this  work  provides  estimates  of  the  times  required  to  achieve  the 
desired  outcome. 
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Proto-planet  theory 

Let  us  now  go  back  to  the  solar  nebula  and  picture  it  simply  as  a rather  hap- 
hazard assembly  or  fog  patches  drifting  about  (under  gravity)  in  the  vicinity  of 
the  Sun*  If  grains  are  not  already  present  simply  as  surviving  interstellar 
grains,  presumably  they  will  form  fairly  quickly  as  already  envisaged  except  that. 

In  a dosordered  system,  more  or  less  the  same  mixture  of  grains  is  to  be  expected 
throu^out  the  sy^'^em*  In  the  disordered  motion,  patches  of  the  material  will  form 
and  break  up.  But  we  know  that,  if  in  any  chance  aggregation  a certain  critical 

mass  is  exceeded,  the  body  of  material  is  bound  to  cohere  under  its  self -gravitation 

o) 

and  not  to  disperse  again*  ' 

Let  us  suppose  that  the  standard  planet”  that  we  identified  at  the  outset  is 
such  a msLSs.  This  is  the  only  particular  assumption  X need* 

Then  we  obtain  a proto-planet  with  the  properties  shown  in  table  2*  It  is  a 
very  diffuse  ”fog  patch,”  its  radius  being  10-20  times  that  of  the  regular 
satellite  systems  that  we  looked  at*  Any  such  body  of  matter  must  of  course  have 
resultant  angular  momentum*  A rather  different  approach  gave  the  value  shown,  but 
it  actually  could  scarcely  be  much  different  since  for  a value  several  times  bigger 
the  body  would  not  hold  together,  and  for  a value  several  times  smaller  it  would 
have  ridiculously  small  equatorial  speed*  In  any  case  we  do  not  need  to  know  the 
value  nearer  than  this* 


Table  2 Proto-planet 

Initial  state  : estimated  typical  values 

Mass  1 0^  g 

Radius  1/3  x 10^  ^cm 

—ft  — ^ 

Rensity  (mean)  2/3  x 1 0"  g cm~“^ 

Escape  speed  at  surface  2 kro  s*^ 

Angular  momentum  4 x lO^^g  cm^  s*^ 

Corresponding  equatorial  speed  for  uniform 
density  1/3  km 

Composition  by  mass 

Gas:  hydrogen(molecular ) 70^  helium  285( 

heavier  elements 

Grains:  metals,  graphite,  silicates 
(possibility  of  some  ”ices”) 
Temperature  (kinetic)  of  material  lOO^K 


Suppose  such  a proto-planet  behaves  as  an  effectively  isolated  body  once  it 
has  been  formed*  Two  processes  are  bound  to  operate: 

a)  It  proceeds  to  contract  under  its  self-gravitation* 

b)  Heavier  material  falls  towards  the  centre  through  the  lifter  material* 

At  first  (a)  is  very  slow*  Also  (b)  is  slow  if  only  the  sedimentation  of 
original  grains  is  contemplated.  But  if  the  adhesion  of  grains  is  taken  into 
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account  it  is  quite  a rapid  process.  By  virtue  of  the  properties  noted  by  Orowani 
it  appears  that  the  first  effect  would  be  the  formation  of  a metal  cor^e,  leaving 
silicate  ^ains  in  suspension  in  the  surrounding  gas.  If  these  proceed  to  settle 
they  will  produce  a silicate  mantle.  I take  it  that  "ice  grains",  or  ice^coated 
grains,  may  be  formed  as  well,  and  these  may  possibly  ^^ssist  the  sedimentation  oy  a 
sort  of  snow.fall.^^^ 

The  rem'xlning  gases  would  be  h^'drogen  (because  there  is  such  an  excess)  and 
helium  with  other  noble  gases  because  these  cannot  go  into  chemical  compounds.  Of 
course,  some  gas  would  be  trapped  in  the  central  condense.tion  without  being  combined* 

The  formation  of  such  a condensation  releases  gravitational  energy  but  this  by 
itself  seems  insiiff icient  to  drive  off  the  gas.  So  if  nothing  else  happens  the 
whole  body  will  now  go  on  contracting  as  a whole  giving  a proto^^ma.ior  planet  (still 
possessing  the  condensation  around  the  centre.) 

An  actual  proto-planet,  however,  would  be  under  the  tidal  action  of  the  Sun 

9 

and  for  the  density  I inferred  the  Roche  limit  would  be  at  /vio^km  from  the  Sun  or 
Just  outside  Jupiter's  orbit.  This  is  somewhat  excessive,  but  perhaps  not  much. 

It  would  mean  that  gases  of  the  envelope  would  be  stripped  off  by  the  tidal  effect 
of  the  Sun,  and  we  should  be  left  with  a proto«*terre3trial  planet.  (There  is  inde- 
pendent evidence  that  the  Earth's  atmosphere  is  not  primordial. ) 

Rotational  instability.  Once  again  treating  the  proto-planet  as  an  independent 
body,  we  note  that  as  it  contracts  with  conservation  of  angular  momentum  it  will 
naturally  spin  faster  and  faster,  and  so  may  become  rotationally  unstable.  In  the 
case  of  a proto-major-planet,  the  first  effect  would  be  what  used  to  be  called 
equatorial  break-up,  with  the  loss  of  material  in  the  equatorial  plcme.  In  the 
light  of  recent  investigations  by  J.P.  Ostriker,  the  sequence  of  events  may  be  some- 
what more  complicated  than  has  hitherto  been  inferred,  but  the  net  result  may  be 
not  much  different.  This  process  must  continue  until  what  is  left  of  the  contract- 
ing body  becomes  largely  incompressible.  It  must  then  suffer  fisslonal  break-up. 

In  the  case  of  a proto -terrestrial  planet , it  is  easy  to  calculate  that  the  angular 
momentum  remaining  in  the  central  condensation  will  make  it  rotationally  unstable 
before  it  reaches  its  final  density*  So  it  too  must  staffer  fisslonal  break-up. 

Lyttleton  in  particular  has  studied  the  consequences  of  such  break-up.  The 
original  body  breaks  into  two  main  bodies  that  must  have  mass-ratio  ^ 8:1.  These 
cannot  remain  gravitationally  bound  to  each  other,  but  both  remain  in  the  SS  if 
brecdc-up  occurs  at  the  Earth's  distance  or  less.  If  it  occurs  at  Jupiter's  distance 
or  mere,  the  larger  of  the  two  bodies  remains  in  the  SS,  but  the  smaller  escapes. 

If  a "droplet"  survives  from  the  neck  of  fluid  between  the  separating  parts,  it  is 
likely  to  go  into  orbit  about  the  larger  body  but  not  aboul  the  smaller. 

Also  Lyttleton  was  apparently  the  first  to  suggest  that  Earth  and  Mars  mi^t 
be  two  such  main  bodies  resulting  from  a fisslonal  break-up,  with  the  Moon  as  a 
"droplet" , while  Venus  and  Mercury  might  be  another  such  pair. 

All  dynamical  features  are  compatible  with  this  idea.  Also  physical  features 
of  density  and  composition  give  strong  support , see  table  3*  Thus  one  of  the  most 
puzzling  things  about  the  SS , the  assortment  of  compositions  of  the  inner  planets, 
would  be  accounted  for  without  appeal  to  any  differentiation  within  the  solar 
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nebula  itself*  For  tbe  table  shows  that  Earth  Moon  •¥  Mars  and  Venus  Mercury 
would  combine  to  ^ve  two  bodies  EMMt  VM  having  about  the  same  iron-nickel  fraction 
(^30  percent),  and  the  S€une  mean  density  5*27  e cnT^  ^ assuming  no  change  of 
total  volume)*  Thus  all  these  diverse  existing  bodies  could  nave  come  from  the 
break-up  of  two  proto-terres trial  planets  of  identical  ;.ofliposition* 

Table  3 Terrestrial  Planets  : density  and  composition*  (The  values  for 
the  iron-nickel  fraction  su'e  quoted  from  table  9*5  of  Kaula^^,  the 
remaining  fraction  being  treated  as  silicates.  Particular  attention  is 
called  to  the  results  underlined* ) 


Body 

Mass 

Voliane 

Mean  density 

Xron-nickei 

Iron-nickel 

10  g 

1 

e cm“^ 

fraction 

mass  (1  O^^g) 

EARIH 

59.74 

10.83 

5.52 

0.315 

18.82 

MOON 

0.73 

0.22 

3.36 

0.06 

.Ok 

MARS 

6.42 

1.63 

3.93 

0.19 

1 *22 

VENUS 

48.69 

9.29 

5.24 

0*  265 

12*90 

MERCtRY 

3.30 

0.60 

5.48 

0*65 

2.15 

EMM 

66.89 

12.68 

hn. 

0*30 

20*08 

VM 

51.99 

9.89 

p.z6 

0^29 

15*05 

Total 

118.88 

22.57 

5.27 

0*30 

35.13 

On  this  view,  the 

Moon  is  a Lyttleton  droplet , 

and  it  is 

satisfactory  that  we 

have  inferred 

that  all 

the  planets 

possessing  main 

atellites 

have 

suffereef  fissional 

break-up • All 

these  satellites  would  thus  have  been  formed  by 

the 

same  mechanism. 

as  is  indicated  by  their  properties 

• 

In  the  cases  of  Jupiter  and  Saturn,  we  infer  that  the  smaller 

parts  escaped 

from  the  SS* 

The  cases 

of  Uranus  and  Nepttine  would 

have  been 

intermediate  because 

they  have  lost 

much  of 

their  light 

material , though 

not  nearly 

all 

of  it*  In  the 

case  of  Neptune,  we  infer  that  we  have  to  do  with  the  fission 

of  a 

central  conden- 

sation;  Triton 

would  be 

) the  droplet 

corresponding  tc 

» the  Moon* 

In 

this  case , the 

smaller  main  fission-body  would  have  had  to  emerge  through  the  remaining  gas,  eind  so 


it  may  not  have  been  lost  to  the  SS.  It  is  attractive  to  suppose  that  it  is  the 
planet  Pluto* 

As  to  **oquatorial”  break-up,  in  the  case  of  any  proto-planet  that  retained 
much  li^t  material,  a good  deal  of  this  must  have  been  spread  in  the  equatorial 
plane,  from  a distance  that  mig^t  have  been  as  great  as  2 x 1 0^kro  (at  which  insta- 
bility would  set  in  for  the  tabulated  value  of  H^)  right  in  to  near  the  final 
planet  itself*  The  almost  inescapable  inference  is  that  the  minor  satellites  were 
made  from  this  material  by  a process  of  accumulation  - such  as  that  proposed  in 
other  theories  for  the  formation  of  the  planets  themselves*  For  here  the  conditions 
would  be  more  favourable  fur  the  process  since  the  material  is  more  den&e  and  It  is 
actually  deposited  in  the  plane  where  it  is  needed*  Besides,  only  a process  of  low 

efficiency  is  required*  For  in  the  case  of  Saturn,  for  instance,  the  minor 

-5 

satellites  add  up  to  <10^^  Saturn*s  mass,  while  the  mass  of  material  available  to 
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make  them  in  this  way  would  bo  comparablo  with  Saturn *s  mass.  Also  'e  should , of 
course  y infer  that  some  of  the  same  material  formed  the  ring^s  of  Sacum. 

Coirenents.  All  such  inferences  together  make  it  difficult  to  escape  the  conviction 
that  rotational  break-up  has  played  a part  several  times  over  in  giving  the  the 
form  that  we  see.  But  the  only  known  way  of  bringing  about  rotational  instability 
in  astronomy  is  by  contraction  of  the  body  concerned.  This  means  that  it  must  be 
compressiole  (l.e.  diffuse)  to  begin  with.  This  argues  in  fav' . of  the  proto- 
planet concept  rather  than  that  ol  planets  built  directly  with  about  their  final 
densities* 

General  viewpoint 

It  seems  tc  be  possible  to  present  a set  of  general  ideas  about  the  origin  of 
stars  and  planets  that  — if  it  is  valid  — provides  a framework  into  which  any 
more  particular  theory  must  fit. 

First  it  must  be  recalled  that  any  coherent  body  of  matter  having  mass  more 
than  about  1 percent  of  a solar  mass  will  in  general  behave  as  a star*  while  any 
body  of  mass  less  than  this  will  in  general  behave  as  a planet.  This  was  discussed 
nearly  40  years  ago  by  H.N.  Russell,  Kothari  and  others. 

It  is  obviously  the  destiny  of  most  of  tho  material  in  h galaxy  to  form  stars, 
and  it  is  widely  accepted  that  stars  are  normally  produced  in  large  batches  or 
clusters.  Consider  then  a large  body  of  presumably  diffuse  material  tnat  is  on  the 
verge  of  forming  stars.  The  material  must  fragment  in  some  way,  but  the  agencies 
that  determine  the  sizes  of  the  fragments  are  not  those  that  determine  whether  those 
fragments  will  be  successful  in  forming  stars.  So  we  can  only  conclude  that  frag- 
ments of  all  kinds  of  size  will  occur,  but  ere  we  need  to  consider  only  those  that 
are  at  least  large  enough  to  hold  together  under  their  o%m  gravitation.  At  the 
other  extreme  there  may  at  first  be  some  fragments  so  large  that  they  can  form  only 
very  teoiporary  stars,  but  after  that  the  material  must,  so  to  say,  try  again  \mtll 
the  largest  fragments  are  not  too  great  to  form  normal  stars.  There  must  still  be 
a wide  rei/ge  of  sizes  of  fragments  moving  about  amongst  one  another.  Ihe  larger 
ones  tend  to  sweep  up  the  smaller  ones*  By  hypothesis,  at  the  stage  under  consider- 
atiOi.,  almost  none  grows  beyond  the  size  of  a normal  star.  But  also  by  hypothesis 
we  ar^^  considering  the  case  where  a considerable  number  of  normal  stars  are  in  fact 
being  formed.  Whatever  the  process  of  formation,  some  fragments  will  acquire 
''stellar**  mass  within  each  others  gravitational  grasp  so  that  binary,  or  multiple 
syslsras  result.  Such  systems  would  be  specially  effective  in  sweeping  up  smaller 
fragments.  In  fact  about  the  only  way  for  a small  fragment  not  to  be  incorporated 
into  a "stellar"  condensation  is  for  to  go  into  orbit  around  a condensation  of 
thia  sort  that  does  not  become  a member  of  a multiple  stellar  system.  From  this 
very  general  point  of  view,  that  would  be  the  start  of  a planetary  system. 

The  prcto-planet  theory  then  shows  how  a system  starting  in  this  way  could 
become  elaborated,  by  segregation  of  materials,  rotational  break-up,  and  so  on, 
into  a planetary  system  like  the  SS, 

This  seems  to  be  the  most  natural  approach  to  the  problem.  Nature  has  made 
galaxies,  clusters  of  stars,  multiple  systems,  binaries,  single  stars  ~ all, 
apparently,  in  one  grand  sequence  of  piocesses.  We  know  that  the  next  class  of 
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body  lu  the  sequence  are  planets,  and  it  is  nly  an  accident  of  mass  as  to  whether 
a body  is  a atar  or  a planet*  The  cut-off  ii.  the  sequence  must  occur  at  the  least 
, initial  mass  that  can  hold  toother  by  :*ts  self-^avication.  Since  we  know  that 
plinets  do  exist,  it  would  be  odd  if  ^^'ture  were  to  impose  the  cut-off  between  stars 
and  planets  and  to  set  about  inventing  a new  set  of  processes  specially  in  order  to 
produce  planets.* 

If  there  is  one  unde i lying  set  of  processes  as  suggested  by  this  line  of 
thought,  its  operation  must  still  be  highly  complex.  There  must  be  factors  that 
limit  the  growth  of  each  class  of  body  and  these  must  be  different  in  each  case. 
Nevertheless,  it  jeems  to  be  the  most  natural  line  of  thought  to  pursue  through  the 
whole  subject. 

Other  topics 

My  review  is  not  the  recical  of  a bibliography  of  the  'subject,  so  I hope  no 
colleague  feels  neglected  if  I have  not  mten.ioned  his  contributions  by  name.  At 
the  seu&e  time,  X do  regret  the  omissions  caused  by  selection  effects,  considerations 
of  space,  or  plain  forgetfulness  and  ignorance. 

So  far  I have  said  nothing  about  Professor  H.  Urey's  more  particular  ideas, 
although  everyone  working  in  the  field  knows  that  his  ideas  in  general  have  been  a 
continxial  stimulus  for  many  years.  I m:>ght  refer  especially  tc  those  suggesting 
that  planetary  bodies  may  have  been  built  up  out  of  Moon-sized  objects.  We  ran 
appreciate  the  attractiveness  of  the  concept;  fortunately  Professor  Urey  is  making 
a contribution  about  it  here. 

When  mentioning  Moon-sized  objects,  one  recalls  that  the  Earth-Moon  system 
itself  has  been  the  object  of  much  specialized  study  in  recent  times,  and  such  work 
will  have  to  be  taken  into  account  in  more  general  studies  of  the  S 

Then  there  is  the  Titius-Bode  law  and  related  i otters  — T have  scarcely 
mentioned  them.  If  such  apparent  regularities  are  significant  as  I under- 

stand, they  could  arise  in  one  way  or  another  after  the  bodies  concerned  had  been 
formed  as  we  see  them  now.  If  so,  it  seems  likely  that  they  have  arisen  in  such 
ways.  For,  had  they  anything  to  do  with  the  formation  of  the  bodies,  we  should 
surely  expect  them  to  be  associated  with  other  cosmogonic  properties  such  as 
composition,  mass,  spin......  No-one  seems  ever  to  have  discerned  any  such 

association* 

There  are  also  more  particular  dynamical  problems  concerning  possible  effects 
of  tidal  friction.  It  seems,  however,  that  the  value  of  tidal  friction  may  be 
determined  by  rather  superficial  features  of  any  body  concerned.  Thus  it  has 
probably  changed  in  unknown  ways  over  the  past  history  of  the  body  so  that  we 
cannot  use  it  to  infer  much  about  the  past. 

Almost  ever/  theory  of  the  formation  of  the  SS  must  have  some  waste  material 
loft  over  at  the  finish.  In  particular,  there  is  almost  certainly  a swplus  of 
light  gases  to  be  disposed  of.  In  most  theories  the  temporary  presence  of  such 
material  actually  plays  an  essential  p8u?t  in  rounding  off  orbits  and,  maybe,  xn 
counteracting  tidal  friction.  But  these  days  any  problem  of  waste-disposal  has  to 
be  trOv  ted  seriously,  and  that  applies  here.  For  the  m^teri.  1 in  question  would 
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carry  angular  momentuiD  comparable  with  that  of  the  planets  themselves^  The  problem 
seems  to  be  to  get  rid  of  the  an^i^ar  momentum  as  well  as  the  matter.  The  current 
view  is  that  both  could  probably  be  carried  away  by  the  solar  wind. 

There  is  another  class  of  problems  that  will  doubtless  receive  special 
attention  in  the  present  symposium.  These  concern  isotope -abundances  in  the  SS. 
Once  it  is  known  what  nuclear  processes  have  been  possible  in  the  system,  in 
addition  to  those  in  the  Sim*s  interior,  the  measured  abundances  will  impose 
exacting  checks  upen  theories  of  the  formation  of  any  of  the  bodies  concerned  in 
these  processes. 

There  are  some  more  speexal  problems.  One  is  that  of  the  asteroids.  This 
cannot  be  solved  until  we  know  what  the  asteroids  are.  Xt  is  to  be  hoped  that  some 
space  QLrsslon  will  give  close-up  pictures  and  maybe  even  specimens  of  the  material. 

Again,  there  is  the  problem  of  the  origin  of  comets.  £>vidently  the  reservoir 
of  coopts  is  at  the  order  of  distance  of  nearby  stars.  This  suggests  to  me  that 
comets  8ure  somehow  also  left  over  from  the  Toimation  of  the  Sun  and  the  SS  as  part 
of  the  formation  of  a stellar  cluster. 

This  then  leads  to  the  possible  connection  with  the  formation  of  binary  stars. 
A very  general  view  of  a planetaiTr  system  is  simply  that,  while  a star  is  the 
principal  part  of  a condenr^ation  in  a body  of  interstellar  matter,  the  material  of 
e.  :'^8ociated  planetary  system  is  a component  of  the  condensation  that  has  too  much 
a*^gular  momentum  to  allow*  it  to  fall  into  the  principal  part.  But  if  two  conden- 
sations of  the  matter  happen  to  form  (or  grow)  so  that  they  finish  by  being 
gravitacio*rally  bound  to  each  other,  then  the  principal  parts  will  ipso  facto  form 
a binary  stellar  system.  In  that  case  there  is  no  role  for  a planetary  system;  any 
material  bound  in  the  system  would  in  general  be  swept  up  by  one  star  or  the  other. 
On  this  and  other  grounds,  I should  expect  that  stars  in  binsiry  (or  multiple) 
systems  would  not  be  attended  by  planets. 

Physical  processes 

Naturally;  there  are  many  basic  processes  that  play  some  part  in  more  than  one 
theory  of  the  SS. 

A capture  process  might  expla..n  how  the  Earth  acquired  its  Moon,  < r it  mi^t 
explain  how  some  other  planets  acquired  the  most  insignificant  of  their  satellites. 

Tidal  accion  has  in  the  past  been  invoked  to  explain  how  matter  could  be 
pulled  out  of  the  Sun,  but  we  have  seen  that  it  could  also  explain  iiow  a gaseous 
envelope  was  removed  from  a proto-earth  by  the  Sun. 

Accretion  may  explain  how  the  Sun  acquired  the  solar  nebula,  or  how  the  great 
planets  were  constructed,  or  how  some  surplus  gas  was  swept  up  by  the  planets. 

Accumulation  processes  may  account  for  the  planets  themselves,  or  merely  for 
their  minor  satellites. 

Rotational  instability  may  tell  us  how  a proto-run  discarded  matter  that  then 
form^id  a solar  nebula,  or  it  may  tell  us  how  proto-planets  broke  up  so  as  to 
produce  all  the  existing  planets  and  satellites. 
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Everyone  now  seems  to  a^ee  that  grains  are  needed  in  order  to  produce  planets, 
and  all  theories  seem  to  rt»ly  upon  the  same  basic  processes  of  condensation  to 
produce  the  grains  from  the  gas. 

Agaln^  most  theories  now  invoke  also  processes  of  growth  of  grains ^ some  in 
order  to  account  for  the  concentration  of  grain  material  in  the  central  plane  of 
the  SS . some  in  order  to  explain  the  concentration  of  heavy  material  in  the  central 
region  of  a proto-planet  and  at  the  same  time  to  account  for  segregation  of 
materials  in  this  region^  and  some  to  account  for  the  first  stage  cf  an  accumu- 
lation process  of  forming  planets* 

Most  theories  nowadays  appeal  also  to  turbulence  in  the  solar  nebula  to  play 
one  r8le  or  another.  Several  theories  assign  a key  paurt  to  hydromagnetic  processes. 
And  so  I might  continue. 

Surely  this  denotes  progress.  Ve  may  claim  with  some  confidence  that  we  are 
gradually  coming  to  know  what  basic  physical  processes  must  have  operated  in  oz^er 
to  produce  the  Solar  System , even  tho\4gh  we  may  still  be  a long  way  from  under- 
standing how  they  cooperated  to  this  end. 
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PRESENTATION  OF  THE  MODELS 


Hubert  REEVES 

Institut  d'Astrophysique,  PARIS- 
Sectlons  d'Etudes  Spatiales,  SACLAY. 


A.  SEVEN  COMMONLY  ASKED  QUESTIONS  IN  RELATION  WITH  THE  ORIGIN  OF  THE  SOLAR  SYSTEM.  AND  THE 
ANSWERS  GIVEN  IN  THE  VARIOUS  MODELS. 

My  aim  in  this  report  is  to  present  the  various  models  of  the  solar  system  which  will  be 
discussed  and  appraised  throughout  this  Symposium.  I believe  that  the  best  way  to  do  that  is  not 
to  take  in  turn  each  model  and  try  to  summarize  it.  but  to  consider  how  each  model  answers  (or 
attempt  to  answer)  a nuiiber  of  fundamental  questions  which  any  newcomer  in  the  field  >I  am  a new- 
comer in  the  field-  is  likely  to  ask.  These  questions  will  be  related  to  the  various  steps  which, 
somehow,  mark  the  way  in  the  large  road  leading  from  the  cloud  of  interstellar  matter  to  the  fully 
developed  solar  system  as  we  know  it  now. 

The  most  vexing  uncertainty  in  the  game  relates  to  the  probability  of  formation  of  "solar 
systems"  in  the  general  course  of  steliar  evolution.  Are  we  living  on  an  highly  improbable  system 
-or  even  exceedingly  improbable  system-  or  are  such  systems  very  common  throughout  the  galaxy  ? 

The  answer  to  this  question  has  important  methodological  implications  for  the  rest  of  the  study. 

If  the  solar  system  is  a common  occurence,  then  we  must  require  the  physical  conditions  needed  for 
its  appearance  to  be  fairly  common  and  we  must.somehow^be  able  to  associate  them  with  astronomical 
observations  of  interstellar  clouds  and  young  stars  (as  described  by  lEQUEUX  in  one  of  the  follo- 
wing talks).  If  the  solar  system  is  a kind  of  a "freak"  or  "monster", then  statistical  studies  of 
galactic  observations  of  clouds  or  young  stars  are  of  little  help  and  the  problem  is  much  more 
difficult.  Clearly  the  first  approach  is  the  most  reasonable  one  at  this  point  (and  has  conse- 
quently been  adopted  by  the  modelists)  but  before  we  have  actual  observations  of  other  solar  systems 
the  other  possibility  cannot  be  definitely  ruled  out. 


Question  N"l. 

DO  THE  SUN  AND  THE  PLANETS  COME  FROM  THE  SAME  CLOUD  OF  INTERSTELLAR  MATTER  ? 

This  is  one  of  the  oldest  debate  in  the  game.  At  various  times  during  the  last  three  centu- 
ries the  possibility  that  the  planets  represent  matter  ejected  from  a passing  star,  or  quite  gene- 
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rallyt  captured  by  the  sun  has  been  discussed  In  various  scenarios.  The  main  difficulty  has 
always  been  the  exceeding  low  probability  of  such  encounter  (which  brings  us  back  to  the  first 
point...)  and  furthermore  the  near  parallelism  between  the  angular  momentum  vector  of  the  sun  and 
of  the  planets  would  be  coincidental. 

Of  the  five  models  discussed  here*  four  assume  that  the  sun  and  the  planets  are 
Issued  from  the  same  cloud  : ALFVEN-ARRHENIUS  (A  + A)  (this  volume)  on  the  other  hand*  present 
a capture  scenario  of  a novel  kind  : the  sun*  already  formed*  has  captured*  through  Its  magnetic 
field*  a cloud  of  Interstellar  matter.  The  parallellsir  between  the  magnetic  moment  and  the  rota- 
tion vector  of  the  sun  accounts  for  i^tatlon  aligment  of  the  planets.  One  observational  domain 
which  could  In  principle  be  of  relevance  for  the  subject  Is  the  chemical  and  Isotopic  composition 
of  the  sun  and  the  planets.  If*  for  Instance  a definite  and  systematic  difference  In  Isotopic 
composition  of  a certain  chemical  element  could  be  shown  to  exist  between  the  solar  atmosphere* 
on  the  one  hand*  and  the  bulk  of  the  planetary  material  on  the  other  hand*  and  If  this  difference 
could  not  possibly  be  explained  In  term  of  chemical  processes  throughout  the  life  of  the  solar 
system*  then  one  could  make  a case  for  separate  origin.  There  Is  at  least  one  element  for  which 
such  a difference  does  exist  : It  Is  neon.  Later  In  the  week  the  existence  of  a "planetary"  and 
a "solar"  component  will  be  discussed.  However*  although  we  do  not  understand  at  this  moment  the 
origin  of  these  two  components*  it  would  be  rather  premature  to  reach*  from  there*  any  conclusion 
regarding  a separate  origin...  far  too  many  possibilities  exist  which  cannot  yet  be  ruled  out. 


Question  N"E. 

HOW  WAS  THE  PLANETARY  MATTER  SEPARATED  FROM  THE  SOUR  MATTER  ? (assuming  that 
they  come  from  the  same  cloud). 

One  thing  that  seems  definitely  established  Is  that  the  matter  of  the  planets  has 
not  been  ejected  out  of  the  sun  by  some  kind  of  tidal  effect  from  a nearby  celestial  object* 
SPITZER  (1939) , considering  the  question*  has  argued  quite  convincingly  that  such  an  amount  of 
matter  suddenly  extracted  from  the  sun*  and  consequently*  freed  fnxn  Its  gravitational  pull,  will 
suddenly  explode  In  view  of  Its  thermal  energy  and  will  not  be  retained  in  orbit  around  the  cen- 
tral star. 


The  various  model Ists  Invoke  the  centrifugal  force  related  to  the  Initial  angular 
momentum  of  the  body  to  explain  the  physical  separation  (from  the  beginning)  between  the  future 
sun  and  the  "nebula". 

SCHAT2MAN  (this  volume), for  Instance, presents  a picture  In  which  the  outer  layer  of  a 
flattened  disk  surrounding  a central  star  rotates  at  the  verge  of  rotational  Instability  i.c.  the 
centrifugal  force  Is  as  large  as  the  gravitational  attracwive  force.  This  way*  as  the  nebula  con- 
tracts* It  sheds  matter  at  the  periphery  and  this  matter  remains  In  Keplerlan  orbit  at  the  radial 
distance  at  which  It  Is  shed.  (OSTRIKER  (this  volume)  will  discuss  the  hydrodynamics  aspects  of 
this  model). 


CAMERON  (this  volume), on  the  other  hand  has  In  his  model  a disk*  more  massive  with 
much  larger  angular  momentum*  distributed  more  uniformly  with  radial  distance. 
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An  important  characteristic  of  this  nebula  is  then  the  absence  of  central  condensation  : 
the  surface  density  of  matter  perpendicular  to  the  equatorial  plane  varies  very  smoothly  with 
radial  distance.  The  sun»  as  we  know  it*  was  formed  only  later, through  the  dissipation  of  the 
disk  (by  the  effect  of  circulation  currents  and  the  falling  inward  of  a large  fraction  of  the 
diskt 


SAFRONOV  (this  volume)  reckognizes  all  the  difficulties  associated  with  the  formation  of 
the  nebular  disk  and  does  not  try  to  solve  them.  He  assumes*  as  an  initial  step*  the  existence  of 
a protoplanetary  cloud  (nebula)surrounding  the  sun  and  possessing  only  rotational  motion  without 
radial  contraction. 


Question  W^3. 


HOW  BIG  WAS  IT  ? 

A lower  limit  ot  the  mass  of  the  protoplanetary  nebula  can  be  obtained  by  adding  to  the 
present  total  planetary  mass  ( - Me)  an  appropriate  complement  of  volatile  elements  (which 
have  escaped  from  the  inner  and  outer  planets)  in  order  to  recover  a "solar"  composition  every- 
where  : one  obtains  a value  of  - 10  Me. 

SAFRONOV  argues  that  an  upper  limit  can  be  set  by  the  necessity  of  eventually  evacuating 
the  extra  content  of  matter  before  the  solar  systen  takes  its  present  shape  and  the  consequent 
constraints  imposed  on  the  required  mechanism.  For  instance*  ejection  of  bodies  by  gravitational 
perturbations  from  nearby  planets  would  result  in  a redistribution  of  angular  momentum  tending 
to  bring  the  remaining  bodies  closer  to  the  sun.  (LEVIN  (this  volume)  presents  a new  model  in 
which  this  fact  is  a basic  ingredient  ; he  postulates  a 3 Mo  nebula). 

SAFRONOV  set  an  upper  limit  of  0.5  to  0.6  Mo  to  the  initial  mass  from  this  argunent*  He 
also  sets  an  upper  limit  from  the  possible  development  of  gravitational  instabilities  in  a very 
dense  cloud  : if  planets  had  formed  through  gravitational  instabilities  (contraction  of  a cloud 
when  its  gravitational  energy  becomes  larger  than  its  kinetic  energy)  they  could  not  have*  later 
on*  been  able  to  dissipate  a large  fraction  of  their  hydrogen  and  helium  (this  argument  would 
apply  mostly  to  Uranus  and  Neptune, as  we  do  not  have  definite  indication  that  Jupiter  or  Saturn 
have  "lost"  any  volatile).  The  possible  importance  of  gravitational  instability  will  be  discussed 
again  later.  The  appropriate  upper  limit  would  be  = 0.14  Me. 

In  view  of  these  argunents  SAFRONOV  selects  a value  of  0.05  Me.  This  is  also  approxima* 
tely  the  choice  of  SCHATZMAN. 

One  important  consequence  is  that  the  gravitational  effect  of  the  central  star  is  then 
largely  preponderant  everywhere  and  the  gravitational  field  is  essentially  in  R everywhere  in 
the  nebula. 

CAMERON  makes  important  use  of  the  fact  that  the  T Tauri  stars  (believed  to  be  young  stars 
in  their  initial  period  of  gravitational  contraction)  are  known  observational ly  to  eject  large 
amounts  of  their  mass  under  the  form  of  "stellar  wind".  These  winds  bring  away  matter  at  the  rate 
of  a 10’®  Me  a year  (or  a 10®  time?  the  flux  of  the  present  day  solar  wind)  for  periods  of  10® 
to  10®  years.  The  total  mass  ejected  may  reach  several  tens  of  percent. 
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(It  must  be  said*  at  this  point»  that  some  doubt  exists  on  the  exact  interpretation  of 
these  observations  on  T Tauri  stars.  It  is  not  clear,  for  instance*  that  the  matter  ejected  is 
brought  all  the  way  out  of  the  stellar  gravitational  field). 

Consequently  CAMERON  starts  with  a massive  nebula  of  2 Me  (including  the  mass  of  the 
future  sun),  and  counts  on  the  wind  to  evacuate  the  extra  mass,  including  gas  and  dust.  Since  the 
mechanism  for  matter  ejection  is  not  related  to  the  existence  of  the  outer  planets,  one  of  the 
upper  limits  of  SAFRONOV  becomes  inoperant.  But  SAFRONOV  notices  that  CAMERON  does  not  consider  pro- 
perly the  second  upper  limit  (related  to  gravitational  instability).  We  shall  hear  more  about  this 
point  later  in  the  week. 

For  A A,  the  whole  set«up  is  quite  different  since  the  nebula  is  not  all  there  at  the 

same  time  but  the  captured  matter  is  added  gradually.  This  way  the  mass  of  the  nebula  at  any  one 

-11  -12 

time  can  in  principle  be  much  smaller.  { s:  1C  to  10  Me). 


Question  N^4. 


THREE  BARRIERS  TO  JUMP  OVER... 

A cloud  of  interstellar  matter  will  manage  to  isolate  itself  from  the  surrounding  and 
contract  into  a star  only  if  its  own  gravitational  field  becomes  larger  than  the  thermal  pressure, 
the  magnetic  pressure  and  the  "centrifugal"  pressure. 

The  typical  interstellar  cloud  is  rather  disadvantaged  in  this  respect  : it  has  a rather 
low  density  and  consequently  a low  ratio  of  gravitational  to  kinetic  energy.  Furthermore  since  it 
partakes  in  the  rotational  motion  of  tne  galaxy,  it  has  a rather  large  angular  momentum.  And  it 
inherits  a magnetic  moment  resulting  from  the  general  magnetic  field  of  the  galaxy  which,  upon 
contraction,  would  eventually  give  a very  large  magnetic  energy  density.  Somehow  the  cloud  must  go 
over  several  barriers  if  it  is  to  become  a star.  In  fact,  we  should  be  ri.iher  pleased  with  this 
situation  ; if  the  road  was  easy,  all  clouds  should  have  become  stars  long  ago  and  we  would  not 
understand  why  after  10^®  years  of  galactic  life  we  are  still  witnessing  the  birth  of  stars  ! 

The  Thermal  Barrier. 

This  is  an  old  problem  treated  first  by  JEANS  for  the  infinite  homogeneous  case  and  by  a 
number  of  other  people  for  more  realistic  cases.  The  results  do  not  differ  very  much  and  the 
JEANS'S  length  criterion  still  describe  the  situation  well  enough  for  our  illustrative  purpose. 

This  criterion  says  that  a cloud  may  collapse  only  if  its  free  fall  time  is  shorter  than 
the  time  it  takes  for  a sound-wave  to  propagate  across  its  volume,  because  then  the  thermal  motion 
does  not  have  the  time  to  react  and  counteract  the  gravitational  pull  ! 

In  a cloud  of  mass  M,  radius  R,  density  p and  temperature  T (Doth  assumed  uniform)  the 
free  fall  velocity  is  : 

» GM/R 

and  the  free  fall  time  : 

« 2 R/v^  . 1340p'*^^  S » 10^®  S 
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between  10  and  10  years  for  most  clouds. 

2 

The  speed  of  sound  v_  is  given  by  P * pv  /y  (P  the  pressure,  y the  ratio  of  specific 

A 1 /O  ^ 

heats),  whence  10^  cm  s*^  (or  = 1 km/sec  for  most  clouds).  The  minimum  dimension  of  the 
cloud  Is  then  : 


and  the  mass  (in  unit  of  solar  mass  Me  : 

W/H«  i 10 

A rather  similar  relation  is  obtained  if  one  requires  that  the  ratio  of  the  thermal 
of  the  cloud  be  smaller  than  its  gravitational  energy  Eq,  for  instance  through  the  formal  expres* 
Sion  obtained  from  the  virial  theorem. 

Typical  cloud  temperature  are  T 100  K and  densities  10.  Hence  the  initial  mass 

3 " 

must  be  ^ 10  Me  for  a cloud  to  collapse.  This  is  nice  since  we  know  that  most  stars  are  born  in 

stellar  clusters,  but  ope.ss  the  need  for  a study  of  the  fragmentation  processes  which  must  occur 

before  stars  are  born  individually  (this  problem  was  studied  in  particular  by  HOYLE  in  1948). 

The  triggering  of  such  collapses  can  probably  be  helped  by  random  motions  of  the  gas. 

The  possibility  that  these  “random”  motions  can  occasionally  be  helped  by  individual 
events  such  as  nearby  explosions  of  supernovae  or  light  pressure  by  close  young  stars  has  been 
discussed  at  length. 

Recently  a new  attractive  mechanism  has  been  proposed  within  the  frame  of  the  density 
wave  theory  of  the  spiral  structure  of  the  galaxy  (FIELD.  1971). 

In  this  theory  the  gas  and  the  stars  are  not  indefinitely  attached  to  one  galactic  arm, 

o 

but  travel  from  one  arm  to  the  other  in  a period  of  = 10  years.  The  motion  is  fast  between  the 
arms  and  slow  in  the  interams  leading  to  a concentration  of  matter  in  the  arms  and  hence  to  the 
very  existence  of  the  arms  which, by  their  gravitational  fieldfare  responsible  for  the  state  of 
motion  described  above.  This  is  then  a self-consistent  theory  which  explains  why  the  arms  are 
steady  features  of  the  galaxies. 

As  a cloud  of  gas  enters  an  arm,  the  deceleration  of  its  motion  is  accompanied  a compres- 
sion resulting  into  an  important  increase  of  its  density.  Since  young  stars  are  formed  in  spiral 
arms,  the  temptation  is  great  to  assign  to  this  compression  a role  in  the  overcoming  of  the  ther- 
mal barrier. 


The  Magnetic  Field  Barrier. 

Contraction  of  a cloud  with  an  imbedded  magnetic  field  will  be  impeded  by  the  Increasing 
magnetic  pressure  (or  stresses  in  the  lines  of  forces)  if  the  matter  is  sufficiently  ionized  for 
the  lines  to  be  frozen-in. 

2 

Indeed,  upon  contraction  of  a cloud  of  radius  P the  total  flux^  * R B will  remain 

-2  2/3 

constant,  hence  the  field  will  grow  up  as  R ^ o ' . The  magnetic  pressure  (or  energy  density)  is 

2-4  3 

then  proportional  to  B R and  the  magnetic  force  on  the  matter  (per  cm  ) goes  up  as  : 


« d(B^)/dr.<  R'® 
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•>  2 2 5 

On  the  other  hand  the  gravitational  force  per  cm  - GMp/R  = GM  /R  ) Increases  in 
the  same  way  as  R decreases.  The  net  effect  of  the  magnetic  field  is  then  to  counteract  the  gravi- 
tational field  by  an  amount  which  does  not  change  during  the  contraction. 

The  virial  theorem  again  provides  us  with  another  way  of  obtaining  the  same  result.  For 
a uniform  cloud  the  gravitational  energy  term  is  : 


-3  GM^ 


while  the  magnetic  energy  term  Eg  - 

5<^b2 

the  ratio  Eo/Er  = — must  be  smaller  than  one  for 

yields  a lower  limit  for  the  condensing  stellar  mass  Me  in 


ifMV  = ( 


B^dV 


3if^R 


any  contraction  to  take  place  and  this 
a given  field  : 


Me  a = 10^  Mo 


for  B » 3 X lO"®  gauss,  and  Njj  « 10, a typical  cloud  value.  One  could  argue  that  the  field  does  not 
prevent  contraction  along  the  lines  of  forces,  but  SPITZER  has  shown  that  this  contraction  is 
highly  retarded  by  the  slow  increase  of  the  gravitational  potential. 

For  an  initially  spherical  distribution  of  matter  the  net  effect  is  the  formation  of  a 
flattened  spheroid. 

A neat  trick  would  consist  in  pumping  a large  amount  of  matter  solely  along  the  lines  of 
forces.  We  shall  describe^in  a short  time^how^according  to  CAMERON,nature  may  actually  do  it. 

The  problem  is  then  : how  to  fragment  such  a massive  object  into  objects  of  solar  masses. 

4 

Consider  an  object  with  Fg/Fg  > 1(M  > 10  ) undergoing  gravitational  contraction.  Since 
Me  does  not  change  with  time  ( it  can  only  fragments  into  submits  with  M > Me  > Mo. 

The  difficulty  probably  lies  in  the  fact  that  we  have  assumed  perfect  freezing  of  the 
lines  of  forces  in  the  matter  and  hence  sufficient  ionization  of  the  matter  of  the  cloud.  One  may 
naively  imagine  that,  quite  on  the  contrary,  if,  upon  condensing , the  cloud  becomes  opaque  to  all 
ionizing  radiation  (X  ray,  U.  V.  cosmic  rays),the  ionized  component  may  disappear  completely,  in 
which  case  the  magnetic  field  will  eventually  exert  no  effect  at  all. 

In  real  life,  the  ionization  rate  will  decrease  gradually  as  the  cloud  contracts  and  the 
lines  of  forces  will  slowly  slip  out  of  the  cloud  under  the  pull  of  the  magnetic  pressure. 

The  recession  of  the  lines  of  forces  is  retarded  by  the  fact  that  the  field  carries  with 
him  the  ionized  component  of  the  gas,  through  the  neutral  component.  The  velocity  of  recession  1$ 
obtained  by  equating  the  magnetic  force  to  the  rate  of  momentum  exchange  between  the  neutral  and 
the  ionized  component  : 
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SPIT2ER  (1968),  and  MESTEL  (1965)  have  analyzed  this  problem.  Too  little  Is  known  about  the  Inten* 
sity  of  the  Ionizing  agents  In  dark  clouds  to  decide  whether  the  field  will  be  evacuated  fast 
enough < 

LEQUEUX  will  talk  about  observation  of  magnetic  fields  In  dense  clouds.  According  to  the 

present  data,  there  Is  no  clear  Indication  that  the  relation  Is  obeyed.  Quite  on  the  con* 

3 ->3 

trary.  It  seems  that  hardly  any  B increase  occurs  for  going  from  10  to  > 10  cm  . The  magne* 
tic  field  may^after  all|be  evacuated  faster  than  we  believe  ! 

Another  Incidence  of  the  same  problem  is^of  course, through  the  present  value  of  the  so- 
lar magnetic  field. 

Assuming  a dipolar  field  (with  dipole  moment  - BR^)  and  assuming  flux  conservation, 

7 ^ 41 

we  should  find  Mpj(t)  = B_  R . R(t)  (where  B^  and  R_  are  appropriate  for  the  Initial  cloud)  « 10  g 
« u cc  CC  c 

cm'*  for  the  present  solar  value  and  a surface  field  of  lO^g,  many  orders  of  magnitude  above  the 
observed  value.  This  again,  points  out  to  the  need  of  evacuating  a very  large  fraction  of  the  Ini- 
tial magnetic  energy. 

In  the  A 'I'  A model  the  high  Initial  flux  Is  rather  a benediction  ; the  assumption  1$ 

38 

made  that  at, the  moment  of  formation  of  the  solar  system, the  dipole  moment  was  larger  than  10  g 
cm^.  The  whole  process  starts  with  an  Initial  cloud  of  typical  Interstellar  matter  surrounding  the 
sun  and  largely  Ionized  (at  least  enough  to  Impede  the  fall  of  the  matter  on  the  sun).  The  density 

C 17 

Is  somewhat  greater  than  * 10  cm  and  the  radius  10  cm. 

As  time  proceeds  the  Ionization  of  the  gas  decreases  (for  Instance  through  a decrease  of 
the  cloud  temperature).  The  elements  with  the  highest  Ionization  energy  first  get  neutralized  and 
fall  toward  the  sun.  As  they  get  closer  to  the  sun  they  gain  speed  and  become  Ionized  again  when 
their  kinetic  energy  Is  somehow  comparable  to  their  Ionization  potential. 

The  Inward  motion  Is  thereby  stopped;  this  way  the  atoms  will  be  sorted  at  various  dis- 
tances from  the  sun  according  to  the  value  of  their  ionization  potential. 

The  strength  of  the  field  needed  to  retain  the  matter  at  the  planetary  distances  gives  a 
lower  limit  to  the  product  of  t^^^  > lO^^g  cm^  s^^^  where  t Is  the  time  duration  of  the  whole 
process. 

o 

A 'f  A choose  a value  t » 3 x 10  y (no  justification  Is  given  for  this  choice)  and  obtain 
38 

the  value  of  10  quoted  above. 

The  very  high  surface  field  obtained  for  such  a high  dipole  moment  are  eliminated  In 

13 

A + A*s  view  by  assuming  that|at  the  moment  of  planet  format1on,the  sun  was  much  larger  (^  10  cm) 
How  the  sun  could  have  remained  at  such  a large  radius  for  10^  years  Is  not  explained. 

CAMERON  has  indicated  a way  by  which  the  magnetic  field  barrier  may  be  at  least  partly 
overcome,  again  In  the  framework  of  the  density  wave  theory  of  the  spiral  structure. 

Upon  entering  the  arr  regions  the  Interstellar  gas  gets  compressed  and  forms  a ridge  of 
Increased  density  parallel  to  the  arm,  and  hence  parallel  to  the  magnetic  lines  of  forces  (observa- 
tlonally  known  to  follow  the  arms). 

CAMERON  combines  this  theory  to  the  theory  of  interactions  between  the  galactic  cosmic 
rays  and  the  galactic  magnetic  fields  developped  by  PARKER  (1966). 

One  effect  of  these  1*  teractlons  is  the  development  of  magnetic  Instabilities  by  which, 
under  the  pressure  of  the  cosmic  rays,  tubes  of  magnetic  fields  previously  contained  in  the  plane 
of  the  galaxy  (and  following  the  arms)  would  curl  like  snakes  above  and  below  the  plane  (but  al- 
ways In  the  same  arm).  This  Is  represented  pictorlally  along  an  unfolded  galactic  arm  : 


48 


REEVES 


A number  of  arches  are  made  this  way,  which  channel  the  cosmic  rays  In  low  density 
regions  (far  above  the  plane)  from  where  they  presumably  escape  from  the  galaxy.  Quite  on  the 
contrary*  the  Interstellar  matter  contained  In  the  tube*  attracted  by  the  gravitational  field 
toward  the  plane,  wIM  slide  along  the  lines  of  forces  and  accumulate  in  the  plane.  The  crucial 
point  here  Is  that,  since  the  compression  takes  place  in  a direction  parallel  to  the  field,  the 
flux  within  a tube  1$  left  almost  unchanged  and  the  magnetic  pressure  Is  hardly  Increased  (a 
correct  discussion  would  show  that  there  is  son?  effect  on  the  flux  due  to  the  general  increase 
of  the  gravitational  field  *see  MESTEL  (this  voluri^e)  for  a discussion  of  these  so  called  magneto- 
gravitational  state  of  equilibrium-). 

CAMERON  expects  this  to  be  an  important  step  in  star  formation  but  still  requires  in  a 
latest  stage,  a phase  of  ambipolar  diffusion  to  remove  the  unwanted  field.  He  follows  the  discus- 
sion of  SPITZER  and  concludes  that  when  * 10®  the  ion  density  becomes  low  enough  for  the  field 
to  quietly  leave  the  stage. 


The  Angular  Momentum  Barrier* 

The  angular  momentum  of  a typical  interstellar  cloud  can  be  estimated  in  the  following 

way.  In  view  of  the  (observed)  differential  rotation  of  the  galaxy  we  may  expect  It  to  rotate  with 

-15  -1 

an  angular  velocity  of  » 10  s . Furthermore,  as  pointed  out  by  LARSON  (references  In  this  vo- 
lume), over  and  above  this  "ordered”  component  (aligned  with  the  galactic  angular  rotation  vector), 
the  cloud  will  possess  a "random"  component  which  is  likely  to  be  appreciably  larger.  In  proof  of 
this  statement  LARSON  mentions  that,  after  all,  the  mean  angular  rotation  vector  of  stars  in  clus- 
ters does  not  show  preferential  aligment  along  the  galactic  axis. 

This  random  component  is  ossign  by  CAMERON  to  turbulent  motions  ir  contracting  clouds. 
Thus  the  mean  angular  momentum  per  unit  mass  of  a large  homogeneous  cloud  of  lo  Me  with 
» 10^  is  : 
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Lc/Mc  = U.4  Rc^  Qc 

22  2-1  -15 

at  least  1C  cm  s (corresponding  to  He  ■ 10  s). 

Unless  the  cloud  Is  somehow  linked  to  the  outside.  L will  remain  constant  during  the 

contraction.  And  as  long  as  the  cloud  contracts  homologously  L/M  also  remains  constantgand  H In* 

-2  2 -3 

creases  with  R (as  B for  the  magnetized  cloud).  Thus  the  equatorial  rotational  force  (•^H  R«*R  ) 

increases  faster  than, the  gravitational  force  (R  ) and  the  contraction  in  the  equatorial  plane  is 

eventually  stopped  at  a radius  for  which  the  forces  are  equal.  As  in  the  case  of  the  magnetic  effect. 

contraction  perpendicular  to  H is  also  slowed  down  and  does  not  really  change  the  issue. 

Equivalently  we  may  define  a total  rotational  energy  : 

E„  « = MBc^  RcVr^ 

wnich  becomes  comparable  to  the  total  gravitational  energy  at  the  limiting  radius  : 

Rj  = Qc^  RcVgm  . 10^®  on 
for  the  case  discussed  above. 

The  cloud  is  expected  to  fragment  into  a number  of  stars  of  solar  masses.  The  initial 
angular  momentum  of  the  cloud  goes  partly  in  orbital  movement  of  the  components  around  the  center 
of  the  cloud  and  partly  In  spin  components. 

Since  the  angular  momentum  per  unit  mass  goes  as  : 

2 Vs 

L/M  = H(M/p) 

3 2 20  2 

fragmentation  from  Me  » 10  Mo  to  Ms  » 1 Me  reduces  L/M  by  ^ 10  and  we  reach  a value  of  10  cm 

s*^  for  a typical  spin  value. 

For  comparison  with  reality  we  must  consider  two  sets  of  objects  : early  types  stars  and 
late  type  stars. 

It  Is  well  known  that  stars  earlier  than  F usually  rotate  at  a fair  fraction  of  their 

maximum  possible  velocity  - 400  km  s*^).  Observed  (projected)  values  above  100  km  s*^  are 

general  occurence,  and  values  above  150  km  s"^  are  not  Infrequent.  Assuming  more  or  less  rigid 

18 

body  rotation,  the  corresponding  L/M  is  10  . about  one  hundred  times  smaller  than  the  Initial 
values  after  fragmentation. 

16  2 -1 

Stars  later  than  F rotate  at  much  slower  rate  (a  few  km/sec)  and  have  L/M  *10  cm  s . 

49 

In  this  context  It  has  been  noted  that  although  the  sun  belongs  to  the  second  group  (L  ^ 10  g 
2 -1 

cm  s » unless  DICKE  Is  right  !)  the  solar  system,  as  a whole,  really  belongs  to  the  first  group 
51  2 -1 

(L  « 10  g cm  ).  From  there, the  suggestion  that  the  sun  has  transferred  most  of  Its  Initial 
angular  momentum  to  the  planets  was  put  forward  and  became  an  essential  element  of  the  theory  of 
HOYLE.  F.,  (1960). 

However  recent  astronomical  observations  have  casted  some  doubts  on  this  issue. 

Through  the  work  of  CONTI.  DANZIGCR,  WALLEKSTEIN.  (see  ^he  review  of  WALLERSTEIN  and 

CONTI). (1969).  It  has  become  apparent  that  F and  6 stars  arrive  on  the  Main  Sequence  with  rather 

8 9 

large  rotation  velocity  and  that  they  a?'e  gradually  slowed  down  In  a period  of  3 x 10  - 10  years 
(obtained  by  comparing  the  rotation  curve  of  several  young  galactic  clusters).  Furthermore  the 
braking  of  the  rotation  Is  accompanied  by  Call  emission  lines  which  are  usually  associated  with  non* 
th  rmal  electromagnetic  ac^’lvlty  (for  Instance  In  solar  flares). 

This  appears  to  give  weight  to  the  mechanism  of  angular  momentum  loss  ly  stellar  wind  and 
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flares  (as  suggested  by  SCHATZMAN). 

For  a number  of  reasons  to  be  discussed  during  the  week  it  appears  highly  improbable  that 
the  formation  of  the  solar  system  would  have  lasted  so  long  : it  seems  more  likely  that  the  angu* 

lar  momentum  lost  by  the  sun  was  not  transferred  to  the  playlets. 

All  this  suggest,  in  our  context,  that  while  a theory  of  the  formation  o^  the  solar  sys- 
tem should  explain  the  reduction  from  L/M  * 10^^  to  u/M  = 10^^  (L  = 2 x 10^^  to  2 x 10^^)  it 

needs  not  necessarily  incorporate  the  second  reduction  from  10^®  10^^  (2  x 10^^  to  2 x 10^^) 

during  which  the  planets  are  probably  mere  spectators  (c.t  any  rate,  the  present  planetary  system 
has  an  L » 3 x 10^^  and  if  we  add  up  the  missing  volatiles  of  Uranus  and  Neptune  we  should  easily 
reach  10^^  -and  there  may  be  even  a lot  more  in  the  distant  parts  of  the  solar  system). 

One  obvious  qualitative  explanation  for  the  ang.  momentum  loss  is  through  the  interaction 
of  the  rotating  cloud  with  interstellar  magnetic  field.  In  one  variation  or  another,  this  theme 
comes  back  throughout  most  of  the  recent  lit^erature.  For  instance,  HOYLE  (1960)  considers  a nebu- 
la In  its  very  early  stage  which  is  connected  to  surrounding  interstellar  clouds  by  the  lines  of 
forces  of  the  galactic  magnetic  field.  As  it  starts  to  collapse, it  turns  faster, and  the  lines  or 
forces,  wound  up  by  the  motion,  exert  a torque  by  which  the  angui.^r  momentum  is  transferred  to  the 
clouds. 

This  effect  could  be  of  importance  only  if  the  collapse  time  could  correspond  to  several 
revolution  periods  (in  order  for  the  winding  to  become  appreciable).  However  in  the  first  stages 
of  collapses  neither  the  pressure  nor  the  centrifugal  force  can  prevent  the  cloud  form  falling-in 
with  approximate  free  fall  velocity.  Since  the  free  fall  time  is  always  quite  close  to  the  revolu- 
tion period,  very  little  twisting  should  take  place  at  that  time. 

In  conjonction  with  stellar  formation  SPITZER  has  considered  the  application  of  this 
process  to  a rotating  cloud  and  has  shown  that  the  time  for  evacuation  of  the  angular  momentum 
must  indeed  be  much  larger  than  the  free  fall  time. 

One  must  then  require  that  the  clovd  be  somehow  stabilized  against  collapse  for  the  du- 
ration of  the  process.  This  could  happ*^*".  by  the  virtue  of  the  centrifugal  force  itself  : the  pro- 
cess could  start  after  the  cloud  has  rcoched  the  equilibrium  radius  between  gravitational  and 
rotational  energy.  A second  phase  of  angular  momentum  transfer  is  assumed  to  occur,  in  the  model 
of  HOYLE*  when  the  nebula  has  contracted  to  its  limiting  rotational  radius  (at  Mercury's  orbit  in 
this  context).  The  outer  part  of  the  disk  is  coupled  to  the  central  condensation  (protosun)  by 
magnetic  lines  of  forces.  Through  differential  rotation,  this  coupling  transfers  angular  momentum 
to  the  (partially  ionized)  disk  and  exerts  a force  (with  radial  component)  on  the  gas.  A ring  of 
matter  is  detached  from  the  nebula  and  pushed  away  throughout  the  inner  solar  system.  This  mattei} 
after  cooling,  condenses  into  the  planets.  This  scheme  has  been  seriously  criticized  in  particular 
by  WHIPPLE  (1964)  and  SAFRONOV  (1960).  The  objection  has  to  do  with  what  happens  when  one  adds  an 
outward  force  to  a nebula  graviting  around  a central  star  : the  net  effect  is  an  equivalent  "weak- 
ening" of  the  attractive  force  and  hence  a decrease  of  the  orbHal  velocity  helow  the  Keplerian 
value. 

Particles  orbiting  with  the  gas  would  not  (if  they  have  no  electromagnetic  moments)  feel 
the  radial  force  and  hence  would  rotate  faster  than  the  gas.  The  gas  drag  on  these  particles  would 
decelerate  then  and  move  them  forward,  not  away  from  the  sun. 

PRENTICE  and  TER  HAAR  (1971)  have  presented  a model  of  the  evacuation  of  the  "interstellar" 
component  of  the  angular  momentum  which  shows  some  similarity  with  the  previous  paragraph. 

Following  the  model  of  REDDISH  and  WICKRAMASINGME  (1969)  they  assume  that,  in  clouds 
with  Nji  « 10^  to  10^  the  temperature  will  he  'ow  engouh  for  hydrogen  to  condense  on  grains 
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(T  “3  K).  Hence  we  have  now  a nebula  with  a fractional  mass  of  70%  (the  interstellar  hydrogen 
mass  fraction)  under  the  form  of  solids. 

The  most  important  gas  component  is  helium,  partly  neutral  and  partly  ionized.  The  1on1<* 
zed  fraction  is  tied  out  to  the  magnetic  field  and  rotates  with  it.  The  neutral  fraction  is  dragged 
by  the  ionized  component  and  by  the  grains,  and  the  grains  are  dragged  principally  by  the  neutral 
gas.  The  net  effect  of  the  drag  is  that  the  grains  spiral  inward^ thereby  causing  a redistribution 
of  the  angular  momentum  density  throughout  the  nebula.  Since  the  grains  essentially  fall  "spoke* 
like"  they  retain  their  angular  velocity  as  they  approach  the  center  and  hence  loose  some  angular 
momentum,  which  is  then  transmitted,  via  the  neutral  component,  the  ionized  component  and  the 
magnetic  field,  to  the  "outside". 

This  way,  in  a period  of  10^  years,  one  may  decrease  the  original  L by  a factor  of  about 
one  hundred. 

The  most  crucial  point  in  this  model  i;«  of  course,  the  assumption  of  a medium  of  low 

enough  temperature  for  the  hydrogen  to  condense  on  the  grains.  Observations  of  clouds  with 
4 

a 10  cm  ' hardly  confirm  this  assumption.  It  is  clear  that  i thorough  discussion  of  the  requi- 
red interstellar  conditions  in  comparison  with  the  observations  would  be  needed  for  the  model  to 
gain  plausibility. 

Furthermore  the  separation  of  hydrogen  and  helium  could  raise  some  difficulties  in  later 
stages.  A logical  trend  of  this  model  would  be  for  the  central  star  (the  sun)  to  contain  most  of 
the  hydrogen  while  the  helium  would  be  left  out.  Then  the  similarity  between  He/H  ratio  in  stars 
and  in  interstellar  space  would  not  be  accounted  for  unless  special  care  is  taken  to  invent  a later 
step  in  which  the  re-mixing  somehow  occurs. 

20 

Another  way  of  explaining  the  reduction  of  L/M  from  the  interstellar  value  ( « 10  ) 
has  been  presented  by  Me  CREA. 

4 

He  points  out  that,  in  the  fragmentition  process  from  a cloud  of  « 10  Me  to  solar  masses^ 
the  Initial  angular  momentum  will  go  partly  in  relative  motions  of  fragments  <.nd  partly  in  spin 
motions.  Off  hands,  one  would  expect  that  the  Initial  angular  momentum  would  be  shared  morr  or  less 
equally  between  these  two  types  of  motions.  Me  CREA  assumes  that  the  sun  originates  from  those 
fragments  which  happen  to  have  a low  spin  rotational  energy.  This,  of  course,  places  his  theory  in 
the  realm  of  the  "improbable"  one,  as  discussed  befofe. 

The  a^  eciation  of  such  a model  has  a certain  aesthetic  aspect  which  escapes  a rigorous 
discussion.  Hy  own  feeling  is  that  one  is  better  off  if  he  does  not  have  to  appeal  to  a fortuitous 
set  of  events. 

CAMERON,  basing  his  speculations  on  the  theory  of  turbulence  developed  in  particular  by 

LANDAU^ considers  the  fragmentation  of  an  initial  cloud  which  results  in  a cloud  of  two  solar  mas- 

54  20 

ses  with  an  angular  momentum  L » 10  (L/M  ^ 2.5  x 10  )(no  special  assumptions  are  made  in  the 

partition  between  orbital  and  spin  angular  momentum  of  the  fragments). 

These  fragments,  then,  collapse  into  a disk  of  10^^  cm,  in  which  the  surface  density  has 

been  redistributed  in  such  a way  as  to  conserve  the  angular  momentum  of  each  mass  element  (no  loss 

of  angular  momentum).  In  view  of  the  large  value  of  L the  disk  presents  no  central  condensation  : 

-1  14 

its  surface  density  decreases  roughly  as  R as  far  as  10  cm. 

These  conditi  ns  prevail  throughout  the  life  of  the  sclar  nebula  (and  formation  of  the 

planets). 

The  mechanism  of  redistribution  of  angular  momentum  takes  place  during  the  life  of  the 


52 


REEVES 


nebula  itself  and  lecis  to  its  dissipation*  It  is  associated  with  circulation  currents  induced  by 
the  dynamic  structure  of  the  nebula  itself  and  consequent  profile  of  the  rotation  velocities 
a-  a function  of  height  above  midplane.  CAMERON  . jues  that  these  currents  will  lead  to  a trans- 
port of  an^jlar  momentum  away  from  the  sun. 

^4  7 -1 

The  exact  fate  of  the  initial  10'  g cm  s is  not  discussed  'n  detail  but  one  can  pre- 
sume that  most  of  it  is  carried  away  past  the  region  of  the  planets,  in  the  protocometary  cloud 
(which  he  associates  with  satellite  clouds  rotating  around  the  protosolar  cloud)  or  even  farther 
under  the  fon.i  of  a T-Tauri-like  stellar  wind. 

In  the  model  of  A + A the  initial  rotation  of  the  cloud  i«  not  considered.  Quite  on  t e 
contrary  the  matter  falling  on  the  sun  (as  far  as  I can  see,  tnc  motion  is  radial)  $ rotationally 
acce;  .ated  by  the  rotating  magnetic  field  of  the  solar  dipole  at  the  moment  that  it  becomes  ioni- 
zed (by  conversion  of  its  kinetic  energy  in  atomic  excitation)  at  the  planetary  distances.  A + A 
consider  that  the  absence  cf  hydromagnetic  effect  in  the  classical  Laplace  nebula  raises  the  diffi- 
culty of  finding  an  adequate  support  for  the  cloud  against  the  gravitational  pu’ i of  the  sun,  befo- 
re the  cloud  can  be  accelerated  into  Keplerian  motions. 

It  would  seem  that  the  observed  differential  rotation  of  the  galactic  matter  not  only 
provides  an  adequate  mean  A support  right  from  the  beginning  but  even  ov;rdoes  the  job  and  raises 
the  problems  discussed  in  this  chapter. 

Finally  SAFRONOV  starts  his  model  with  a fully  developed  nebula,  rotating  in  Keplerian 
orbit  at  planetary  distances.  The  three  barriers  described  ^ere  are  assumed  to  be  already  surmoun- 
ted when  the  story  begins. 

Question  N**  5. 


OK  THF  PHYSICAL  CONDITIONS  IN  THE  NEBULA. 

One  first  dividing  line  between  the  models  is  related  to  the  answer  v.  the  following 
question  : do  the  analysis  of  the  physi co-chemistry  o^  the  neteorites  show  effect  of  ionization  In 
the  gas  (indicating  a gas  temperature  much  larger  than  the  grain  terperature,  nence  a state  of 
thermodynamical  disequilibrium)  or  can  we  understand  everything  in  term  of  chemical  ictions  bet- 
ween neutral  atoms  in  thermodynamical  equilibrium. 

A + A (see  references  in  this  volume)  have  taken  the  first  view  ; they  state  that  the 
evidence  from  chondrites  "suggest"  that  the  solids  crystallized  at  low  grain  temperature  (200 
1 000  K)  from  the  gas  when  it  was  still  partially  ionized  ( ^10^  K). 

This  immediately  suggests  a low  density  gas,  kept  in  a state  of  partial  Ionization  (for 
Instance  by  electric  currents).  A + A picture  their  nebula  as  a "super  corona"  - in  .-hich  the 
physical  conditions  are  quite  similar  to  those  of  the  solar  corona  (high  degree  of  ionl.ra^ion, 
strong  effects  of  the  magnetic  field,  etc...).  (The  pleasant  point  here  is  that  one  is  dealing 
with  "familiar"  conditions. 

As  pointed  out  by  LINOBLAO  (1935)  solid  grains  embedded  in  such  a gas  will  emit  strongly 
in  the  infra-red  (for  which  the  gas  is  transparent)  and  hence  will  take  a murn  Ir^er  temperature 
than  the  gas. 

The  degree  of  ionization  of  each  atomic  species  in  the  gas  will  oe  .-losely  correlated 
with  their  ionization  potential. 
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The  crucial  point  here  is  that  the  absorption  properties  of  the  grains  for  the  atoms  of 
the  gas  should  be  very  different  if  the  atoms  are  neutral  rr  ionized  and  the  sequence  of  absorption 
of  elements,  as  the  gas  temperature  decreases',  should  somehow  be  related  to  the  ionization  poten- 
tial of  these  elements.  A + A discuss  the  Nickel-Pal lad1um*Platinun  correlation  in  iron  meteorites 
which  appears  to  confirm  the  presence  of  ionization  effects.  However,  as  they  point  out  themselves, 
the  ionization  potential  is  also  correlated  to  the  chemical  bond  strenght  of  the  atoms  in  a solid 
and  hence  the  Ni  - Pa  - Pd  correlation  may  still  be  explained  by  thermal  equili>rium  processes. 

The  requirement  of  a low  density  nebula  (for  ionization  effects)  is  incompatible  with 
the  so-c’^^led  Laplacian  nc*  in  which  all  the  matter  of  the  solar  system  was  at  the  same  time  in 
a gaseous  state  surrounding  the  sun. 

The  alternative  is,  of  course,  a gradual  addition  of  matter  falling  from  far  away  and 

being  kept  for  a certain  residence  time  under  the  form  of  a plasma  corotating  with  the  sun.  For  the 

conditions  that  the  authors  favor  the  densities  in  the  gas  are  lO^to  10^  atoms  cm‘^  and  the  requi- 
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red  time  of  gas  addition  10  to  10  years.  The  trapped  plasma  gradually  condenses  in  grains  and 
these  grains  are  then  injected  in  the  "jet  streams"  to  be  discussed  later. 

The  dilemna  : "equilibrium  or  not"  will  be  discussed  later  by  ANDERS  (this  volune).  Af- 
ter years  of  close  :crutiny  of  tne  available  material,  himself  and  his  group  find  no  strong  reason 
why  they  should  abandon  the  simplicity  cf  equilibrium  situation. 

Contrary  to  the  quasi-stationary  nebula  of  A + A,  in  all  ether  models  we  should  expect 
things  to  be  rapidly  evolving.  There  does  not  yet  exist  calculations  of  the  time  evolution  but 
several  authors  have  tried  to  obtain  an  estimate  of  the  average  physical  conditions  during  the 
life-time  of  the  nebula. 

In  CAMERON’S  nebula  the  distribution  of  rotational  velocity  is  obtained  from  the  condi- 
tion of  conservation  of  angular  momentum  density  during  the  gravitational  collapse  of  the  original 
gas  cloud. 

The  temperature-density  profile  at  mid- plane  is  obtained  from  the  results  of  models  by 
LARSON  (refere.  es  in  CAMERON’s  text),  and  the  effect  of  the  consequent  radial  pressure  gradient 
on  the  structjre  of  the  nebula  is  taken  into  account-  Temperature,  pressure  and  surface-density 
profiles  have  been  calculated  as  a function  of  the  radial  distance.  The  vertical  structure  of  the 
nebula  has  also  been  considered,  and  for  this  aim,  studies  have  been  made  of  the  opacity  of  a low 
temperature  gas  (from  200  to  4 000  K)  taking  into  account  the  formation  of  metallic  iron  grains 
and  ice  in  the  low  T range.  This  study  in  itself  is  an  important  contribution  to  the  subject,  and 
its  value  will  remain  even  if  the  model  does  not.  The  very  high  opacity  of  these  solids  is  respon- 
sible for  the  generation  of  strong  vertical  convective  motions  in  the  region  from  3 to  10  A.U. 

other  convective  zone  appears  in  the  center  of  the  nebula  (<  1 A.  U.)  due  to  the  dissociation  of 
hydrogen  molecules. 

Because  of  the  effect  of  the  radial  gas  pressure,  the  circular  velocity  of  the  gas  In 
the  nebula  will  be  smaller  thin  the  Keplerian  velocity  (i.  e-  for  a freely  o»*biting  body)  at  the 
same  distance.  Consequently  there  will  be  a rotation  velocity  difference  between  the  gas  and  a lar- 
ge solid  body  gravitating  in  the  nebula. 

PINE  and  CAMERON  compute  that  while  the  Keplerian  velocity  is  = E to  10  Wm/sec  every- 
where up  to  10  A.U.,  the  velocity  difference  between  the  gas  and  the  bodies  is  = 1 Wsec  in  the 
same  region.  This  will  play  an  important  role  in  their  viewj  of  the  accretional  processes  (gases 
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are  swept  away  by  solid  bodies). 

PINE  and  CAJCRON  also  try,  although  In  an  admittedly  very  crude  manner, to  evaluate  the 

life-time  of  the  nebula  against  its  dissipation  by  internal  circulation  currents. 

2 4 

The  nebula  dissipation  time  varies  from  10  years  at  1 A.U.  to  10  years  at  10  A.U.. 
CAMERON  concludes  that,  consequently,  planet  formation  had  better  be  a rapid  process... 

The  nebula  of  SAFRONOV  rotates  in  Keplerian  orbit  around  the  sun  (force  field  in  R ). 
Its  thickness  is  determined  by  the  condition  of  balance  of  vertical  gas  pressure  against 
vertical  component  of  gravitation.  It  increases  with  distance  in  such  a way  that  the  surface  of 
the  nebula  is  largely  exposed  to  solar  radiation.  The  heat  is  absorbed  by  the  dust  grains  embedded 
in  the  nebula.  Temperatures  are  = 100  K in  at  the  inner  planets,  and  30  K to  10  K at  the  outer 
planets.  (The  sun  is  asstmed  to  have  its  present  luminosity). 


SCHATZMAN  has  a rather  similar  picture  of  the  nebula.  The  surface  density  in  the  disk  is 
4 “2  -2 

estimated  to  be  a (10  R ) g cm  (where  R is  the  distance  in  astronomical  units)  and,  because 
of  dust,  the  opacity  is  very  large  ( 10^).  The  heat  is  absorbed  in  the  outer  surfaces  and  an 

isothermal  inner  layer  developps  with  temperatures  of  = 200  K at  the  earth  and  s?  50  K at  Urr.nus- 
Neptune. 

As  for  SAFRONOV  the  vertical  structure  is  given  by  the  vertical  component  of  the  gravita- 
tional field  from  the  central  body.  The  nebula  is  rather  thin  and  flat. 

For  TER  HAAR  (this  volume),  the  nebula  apnears  as  a cloud  of  = 0.1  Me  with  solar  compo- 
sition rotating  around  a sun  very  similar  to  our  present  sun.  The  density  profile  is  obtained, 
taking  into  account  the  pressure  gradient  (mostly  turbulent  pressure  according  to  TER  HAAR).  The 
density  at  mid-plane  is  given  as  : 


p(r)  » 10"*^  ^ \ exp  1 — 

V 2 A.U./  [ 2 A.U.  ^ 


(with  a maximum  at  2 A.U.) . The  temperatures  vary  from  = 300®  for  the  inner  planet  to  = 30®  for 
the  outer  ones  and  the  lifetime  against  dissipation  processes  induced  by  turbulence  is  at  most 
10^  years. 

The  next  step  in  TER  HAAR's  model  describes  the  basic  mechanisms  for  condensation  of  a 
gas  and  the  crucial  role  played  by  the  temperature  : although  the  density  profile  presented  above 
assign  a^relatively  small  fraction  of  the  mass  to  the  region  of  the  o*Jter  planets,  in  view  of  the 
lower  temperatures  in  this  region,  much  more  atomic  species  will  manage  to  condense  (i.e.  will 
find  their  partial  pressure  to  be  larger  than  the  local  pressure).  In  fact,  he  finds  the  product 
of  the  density  profile  with  the  fractional  mass  condensation  profile  to  match  in  a reasonable  way 
the  mass  distribution  in  the  solar  system. 


Question  N®6  : 


ON  THE  MECHANISM  OF  GAS  CONDENSATION  ANU 
PARTICLES  ACCRETION. 

We  enter  here  in  one  of  the  most  obscure  chapters  of  our  book. 

Some  of  the  texts  written  on  the  subject  carry  a definite  resemblance  to  the  writing  of 
the  mediaeval  alchemists... 
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Most  authors  agree  that  the  Initial  step  is  the  presence  of  interstellar  grains  In  the 
gas.  that  these  grains,  after  some  degree  of  gas  absorption, find  themselves  concentrated  in  the 
r^bular  plane  and  then  somehow  manage  to  accrete  into  larger  bodies.  The  main  problem  of  course, 
is  the  fact  that  the  nuaber  of  these  bodies  must  eventually  be  reduced  considerably  (i.e.  from 
swarms  of  small  bodies  we  should  eventually  produce  a few  big  planets),  that  the  reduction  can 
only  take  place  by  collisions  of  these  bodies,  and  that  although  we  know  very  little  about  the 
sticking  probability  of  rocks  in  vacuo,  nevertheless  we  have  the  feeling  that  at  the  typical 
speed  expected  for  bodies  in  Keplerian  orbit  around  the  sun  (s  10  km  s*^)»  collision  of  rocks  is 
not  very  likely  to  lead  to  coalescence... 

One  further  difficulty  comes  from  the  time  scale  required  for  the  process,  especially  in 
the  remote  part  of  the  solar  system. 

For  instance,  at  the  distance  of  Uranus  and  Neptune,  a simple^inded  calculation  (with 
”non*educated*  guesses  on  the  basic  assumptions)  would  yield  ages  larger  than  the  age  of  the  uni* 
verse. 


In  the  model  of  SaFRONOY  we  start  with  a quiet  nebula  in  which  dust  particles  rotate  and 

start  sinking  ;lowly  (by  gravity)  toward  the  equatorial  plane.  The  assumption  is  made  that  all  the 

particles  it  meets,  on  its  way  down,  adhere  to  it,  and,  upon  arriving  to  mid-plane,  (after 
3 4 

s 10  - 10  years)  it  has  reached  s 1 cm  in  dimension. 

The  critical  assus^tion  here  is  the  so  called  "cold  welding"  of  matter  which  clearly 
represents  an  upper  limit  to  the  efficiency  of  the  process-  We  shall  hear  several  reports  on  this 
subject  and  on  recent  related  experiments  during  the  Symposium. 

As  the  density  of  the  dust  layer  exceeds  a certain  value,  matter  condensation  would  be 
induced  by  gravitational  instabilities. 

Critical  "Jeans  length"  for  these  condensations  and  lower  limit  to  their  mass  depend 
again  on  the  density  of  the  layer  and  on  the  mean  thennal  velocity  of  the  grains  (they  play  the 
sane  role  as  the  gas  molecules  in  the  problem  of  star  formation  discussed  earlier). 

The  very  low  velocities  required  could  probably  be  found  in  the  region  of  the  giant 
planets  Jupiter  and  Saturn,  leading  within  s 10^  years  to  the  condensation  of  bodies  of 


10^®  - 10^^  g. 


In  the  regions  closer  to  the  sun  the  gas  motions  would  have  been  too  fast  fcr  gravita- 
tional instabilities  to  take  place  and  growth  of  the  bodies  could  only  have  taken  place  through 
aggregation  during  collisions.  SAFRONOV  argues  that  the  relative  velocities  of  the  bodies  should 

be  determined  by  their  gravitational  perturbations  at  encounters  and  in  fact  should  be  less  than 

*4 

1 m/sec  as  long  as  the  objects  are  less  than  5 km  in  diameter.  This  velocity  is  10  1es»  than  the 
Keplerian  velocity  and  a 10"^  less  than  the  relative  velocities  of  bodies  traveling  in  orbits  with 
eccentricity  difference  of  » 0.1. 

The  estimate  is  based  on  hydrodynamic  arguments  (the  random  motions  are  obtained  from 
the  dissipation  o*  mechanical  energy  of  a viscous  fluid  with  a velocity  gradient)  which  in  turn 
assumes  that  the  bodies  are  completely  controled  by  the  gas  motions.  This  assumption  is  certainly 
correct  for  small  bodies,  clearly,  however,  it  must  break  down  at  a certain  mass. 

Above  this  mass  the  motivation  for  the  low  velocities  should  not  hold  anymore  and  we 
should  get  our  problem  back. 

The  problem  of  reducing  the  relative  velocities  of  colliding  bodies  in  order  to  facili- 
tate coalescence  is  dealt,  within  the  model  of  A A.  by  the  introduction  of  the  concept  of  "jet 
streams* . 
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These  authors  argue  that  while  a be^  of  particles  shot  in  a oediun  at  rest  will  be  dif* 
fused  ar.d  loose  the  parallelisn  of  the  initial  notion,  this  effect  will  not  take  place  if  the  bean 
Is  orbiting  in  a gravitational  field,  provided  that  collision  frequency  be  less  than  the  Keplerian 
frequency  (nany  rr  *olutions  between  each  collision).  In  this  case  "collisions'*  lead  to  an  equali* 
zation  of  the  orbits  of  the  colliding  particles,  with  the  result  that  the  spread  in  space  and  in 
velocity  Is  reduced. 

It  Bust  be  said  right  away  t'tat  the  validity  of  this  new  point  in  specific  solar  systen 
cIrcuBstances  has  not  gained  ge«^ral  acceptance. 

Ue  shall  hear  more  about  it,  in  particular  *rom  WHIPPLE. 

The  sequence  of  events,  then  starts  with  a thin  plasna  corotating  with  the  sun,  in  which 
grains  gradually  condense  (as  described  before,  in  a state  of  strong  themodynanical  disequili* 
briim).  Hutual  collisions  (^viscosity")  between  these  grains  tend  to  focus  then  into  a nunber  of 
Jet  strew,  with  toroidal  shapes  centered  on  the  sun. 

The  relative  velocities  are  reduced  considerably  and  accretion  becones  possible.  A A 
assuK  that  the  naxinm  possible  velocity  for  accretion  is  0.5  kn/sec  and  that  collision  at  lower 
velocity  will  always  lead  to  accretion  (the  cold  welding  again). 

SCHAT7HAN  follows  the  analysis  of  He  CREA  and  UIILIAMS  (1945),  (references  in  the  text 
of  He  CREA).  Large  particles  fall  in  the  nebula  and  carry  with  then  all  the  dust  particles  they 
neet  (always  the  cold  wel  :ing...). 

CAHERON  recknogniced  that  during  the  lifetine  of  the  nebula,  the  collision  probabilities 
are  too  low  for  the  accretion  to  take  place  in  any  reasonable  time  especially  for  the  outermost 
planets. 

He  points  out  however  that  during  the  collapse  phase  from  the  interstellar  cloud  into  the 
nebula  the  situation  was  much  more  favorable  since  the  violent  gas  motions  (in  the  form  of  turbu* 
lent  eddies)  would  have  considerably  increased  the  coMisions  probabilities  of  gas  and  grains. 

The  physical  conditions  in  the  turbulent  collapsing  cloud  are  estimated  qualitatively  ; 
typical  grain  velocities  are  ^ 10  m/sec  and  CAICRON  assumes  a sticking  probability  of  one  at  en- 
counters (the  cold  welding...). 

At  the  end  of  the  collapse  the  nebula  is  formed  and  the  turbulence  rapidly  decays  out 
embedding  a set  of  bodies  "extending"  up  to  20  cm  in  radius. 

As  in  the  model  of  SAFRONOV,  as  soon  as  the  nebula  takes  its  shape,  there  is  a rapid 
migration  of  particles  toward  the  central  plane.  However,  in  view  of  their  large  size,  the  roigra- 
tion  is  much  faster  than  in  SAFRONOV'S  case,(typical  duration  -^10  years  for  this  process^ 

As  discussed  previously, two  convective  zones  appear  in  the  nebula.  CAMERON  studies  the 
motion  of  the  bodies  in  and  out  of  the  convective  eddies.  He  estimates  that  particle  velocities 
due  to  the  motion  of  the  gas  should  be  ^10^  cm  s*^  anu  the  collisions  In  these  circumstances 
should  lead  to  partial  melting  leading  to  ejection  of  droplets  in  free  space.  This,  of  course,  is 
A pleasant  thought  for  anyone  who  wants  to  understand  the  origin  of  chondrules.  CAMERON  glady  for- 
sakes his  old  attachment  to  WHIPPLE  (1966)  mechanism  involving  lightning  flashes  in  the  nebula. 

Inside  the  eddies  the  relevant  velocities  are  not  the  mean  convective  velocities  discus- 
sed in  connection  with  chondrules,  but  rather  the  turbulent  velocities  which  should  be  much  smaTier 
(^10^  m s‘^).  Bodies  will  form,  embedding  chondrules,  which  upon  further  collisions  should  t^ndtv 
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form  amalgamates  that  CATRON  likes  to  associate  with  meteorites. 


Question  : 


ON  PLANcTARY  formation. 

Me  resune  our  story  at  the  moment  that  a number  of  bodies  are  happily  orbiting  and  joy* 
fully  colliding  against  each  other,  like  madly  driven  cars  at  village  fairs.  We  still  have  to  fol- 
low the  story  until  we  are  left  with  a small  number  of  large  objects  (planets  and  asteroids)  orbi- 
ting in  ^ very  clean  (dust  and  gas-free)  system. 

Some  particularly  remarkable  features  of  the  end-product  (the  solar  system)  deserves 
first  a general  discussion. 

I.  ^ne  Titius-Bode  Law. 

One  of  the  roost  difficult  problem  in  studying  the  origin  of  the  solar  system  is  to  iden- 
tify amongst  the  wheal th  of  experimental  data,  those  which  are  really  relevant,  and  then  to  esti- 
mate appropriately  the  degree  of  their  relevance. 

Many  authors,  for  instance,  have  felt  that  the  Titius-Bode  law,  in  its  "exact"  form 
should  be  a crucial  key  to  the  understanding  of  the  system,  and  that  consequently  it  should  be 
introduced  as  a strict  "boundary  conditions"  into  any  model.  This  has  mostly  lead  to  unpleasant 
parameter-fitting  and  the  "beautiful  agreement"  between  “calculated  values"  and  “observations" 
has  convinced  very  few  people. 

The  first  mistake  was  to  call  it  a "law"  : it  is^a  best^an  approximate  relationship 
which  should  be  quoted  in  the  form  ( r^  « b”  ) where  6 ==  1.7  and  not  in  the  artificial^  and  in 
certain  cases  wrong, form  :r^  = 0.4  + 0.3  x z”  A.U. 

The  Titius-Bode  relation  may  then  be  only  a qualitative  feature  related  to  the  scaling 
of  the  physical  phenomena  as  one  goes  away  from  the  central  body  (as  discussed  by  TER  HAAR). 

A similar  relationship  holds  for  groups  of  satellites  of  Jupiter,  Saturn  and  Uranus.  The 
values  of  b range  from  1.5  to  l.B.The  real  meaning  of  all  that  is  still  unclear,  but  the  danger  of 
overworking  the  details  of  this  relationship  is  generally  reckognised  today.  MESTEL  and  OERMOTT 
will  discuss  this  question  during  this  Symposium. 

II.  The  Isochronism  of  Spins  : 

Similarly,  there  is  the  very  remarkable  isochronism  of  spins.  A+  A,  in  particular,  have 
noted  that  almost  all  asteroids  have  periods  between  5 to  15  hours.  Even  more  »^emarkable  is  the 
fact  that  the  planets  themselves  have  almost  the  same  spin  period.  As  a whole,  fo«^  objects  ranging 
from  10^^  to  10^^  gm  the  rotation  periods  hardly  vary  by  more  than  a factor  of  four  ! 

-1/2 

One  fact  to  bring  in  the  discussion  is  that  the  maximum  rotational  period  is  ' , and 
since  mean  densities  are  all  quite  similar  in  the  various  objects  (from  -1  to  "*5)  this  period  is 
about  one  quarter  of  an  hour  for  all  bodies.  Thus  the  objects  rotate  at  about  3%  of  their  limits. 
Let  us  recall  also  that  the  maximum  rotational  velocity  are,  within  a small  factor,  equal  to  the 
escape  velocity. 

Let  us  imagine  that  small  bodies  are  continually  being  accreted  by  a larger  body  and 
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that  their  initial  velocity  (at  "Infinity”)  were  at  most  comparable  to  this  escape  velocity.  The 
angular  momentum  imparted  will  he  - *^v^r.  where  r-  is  th^  Impact  parameter.  Let  us  further  assure 
that  the  collision  always  takes  place  on  the  same  side  of  the  bod^,  at  R the  instantaneous 
radius. 

As  R grows,  the  total  angular  momentum  will  correspond,  very  closely  at  least,  to  the 
maximum  rotational  velocity  (==  v^). 

Reality  will,  of  course,  be  different  since  collisions  will  take  place  all  over  the  sur- 
face of  the  rotating  body  and  the  net  effect  on  the  imparted  rotation  will  be  related  to  the  dis- 
tribution of  angular  momentum  as  a function  of  radial  distance  from  the  sun.  That  the  net  effect 
should  be  a few  percent  seems  perfectly  reasonable  qualitatively  but  to  extract  quantitative 
information  from  this  result  is  a far  more  difficult  task...  (see  the  discussion  of  TER  HAAR,  A + A 
and  SAFRONOV  in  this  volume). 

And  is  it  reasonable  to  use  this  description  of  events  in  the  case  of  the  gaseous  Jupiter 
and  Saturn  ? 

In  the  following  paragraphs  we  shall  see  how  the  various  roodelists  have  envisionned  pla- 
netary formation  and  what  explanations  they  have  imagined  to  a number  of  problems. 

SAFRONOV  has  studied  the  mass  distribution  of  bodies  following  collisions  for  certain 
definite  choices  of  the  "cross  sections"  for  coalescence  or  fragmentation.  One  interesting  result 
which  seems  to  emerge  from  the?s  calculations  is  the  prediction  of  an  inverse  power-law  mass-spec- 
tnmi  of  objects  N(m)  dm  <r  m"^  dm  where  q 1.5  + 1.8,  independent  of  the  initial  distribution  of 
masses . 

The  choice  of  the  cross-sections  is  rudimentary  (as  describe  elsewhere  we  shall  need  a 
great  deal  of  work  before  we  can  establish  realistic  and  physical  parameters)  and  it  is  too  early 
to  decide  if  this  important  prediction  will  eventually  be  confirmed.  At  any  rate  this  prediction 
may  lend  itself  to  test,  for  instance  in  the  asteroid  belt  (but  in  my  ignorance^I  am  not  aware  of 
existing  analysis  of  this  point). 

The  power  law  mass-distribution  can  clearly  not  be  applied  to  the  few  biggest  bodies. 
SAFRONOV  argues  that  in  various  annular  (circumsolar)  zones,  the  biggest  body  will  always,  in  view 
of  its  gravitational  field,  take  the  lion's  share  ("on  ne  donne  qu'aux  riches")  and  that  the  mass 
ratio  between  the  two  largest  objects  will  rapidly  reach  values  of  tens  to  hundreds. 

The  rest  of  the  story  is,  of  course,  the  story  of  how  this  "predestinate"  body  managed 
to  round  up  the  matter  surrounding  itself  and  to  become  one  of  the  planets.  The  rate  of  growth  1 
amongst  other  factors,  proportional  to  the  surface  density  (o^)  of  condensable  matter  in  the  cen- 
tral plane  at  the  corresponding  distance  from  the  sun,  and  inversely  proportional  to  the  rotation 
period  Tp  at  that  distance. 

At  Earth  the  space  density  of  matter  would  decrease  exponentially  with  a period  of 
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2 X 10  years.  The  formation  of  the  earth^as  we  know  it  now^would  have  then  taken  > 10  yean 

(>  5 mean  llve^. 

0 

For  Jupiter  and  Saturn  the  lifetime  of  growth  is  10  years. 

SAFRONOV  reckognizes  at  this  point  an  important  difficulty  : in  such  a large  period  the 
proto-Jupiter  would  have  gather  id  all  the  gases  in  its  "orbital"  (to  speak  like  the  chemists). 
However  in  view  of  SAFRONOV'S  initial  choice  of  the  nebular  mass  ( 0.05  Me),  less  than  lOt  of 

these  gases  should  have  been  incorporated  in  Jupiter. 

To  solve  the  difficulty  SAFRONOV  appeals  to  the  high  electromagnetic  activity  of  the 
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young  sun  and  to  the  versatile  and  benevolent  mighty  "solar  wind”  of  there  days  to  have  rapidly 
removed  these  unwanted  volatiles  before  Jupiter  got  hold  of  them.  The  counteracting  effect  of  the 
body  rotation  on  the  gas  accretion  is  also  invoked  to  solve  this  difficulty. 

The  low  fraction  of  H and  He  in  Uranus  and  Neptune  would  also  find  there  a natural  ex- 
planation : in  view  of  the  long  formation  time,  the  depletion  of  volatiles  would  have  been  even 
stronger  at  these  large  distances. 

While  collision  of  bodies  has  leac*  to  embryonic  growth  of  the  planets,  distant  encounters 

in  the  late  stage  may  lead  to  ejection  of  a body  out  of  the  solar  system  if  its  velocity  after  the 

encounters  lies  in  an  appropriate  angular  cone.  SAFRONOV  estimates  that  a mass  of  10*^e  has  been 
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ejected  this  way.  A much  smaller  fraction  of  10  Mo  would  have  been  thrown  in  the  elliptically 
elongated  orbits  characteristics  of  the  comets. 

One  old  and  tentalizing  problem  is  : why  should  there  be  an  asteroid  belt  between  Mars 
and  Jupiter^ instead  of  a fully  grown  planet  ? After  all  even  the  Titius-Bode  law  predicts  something 
there  I 

The  idea  of  an  “exploded  planet”  has  been  very  much  discussed  by  science  writers  and 
science  fiction  writers  ; a dignified  version  has  given  rise  to  the  idea  of  "parent  bodies"  for 
meteorites  (ANDERS  -in  this  volume-  tells  us  why  he  likes  the  Idea). 

SAFRONOV  rejects  the  whole  idea  on  the  ground  that  it  could  not  explain  the  existence  of 
families  of  asteroids  ; in  his  view  the  process  of  accumulation  in  the  asteroid  belt  has  simply 
been  interrupted  too  early.  However,  since  the  rotation  period  is  longer  at  Jupiter  than  at  the 
asteroid  belt  (recalling  that  the  formation  rate  is<ca^/P)  we  should  look  for  a strong  overcompen- 
sation increase  in  a^. 

As  TER  HAAR,  SAFRONOV  likes  to  identify  this  increase  of  to  a temperature  effect  ; in 

the  zone  of  Jupiter  the  molecules  of  CH^,  and  NH^  have  solidified  and  added  themselves  to  the  dust. 

Furthermore  the  mass  of  the  gravitational  condensai  increases  rapidly  with  distance 
from  the  sun,  and  their  gravitational  field  are  even  made  respond ic  e for  an  inhibiting  effect  on 
the  growth  of  the  asteroids. 

It  is,  of  course,  during  that  phase  that  the  planets  have  acquired  their  rotational  pe- 
riod. SAFRONOV  makes  an  appropriate  distinction  between  the  "regular"  direct  component,  associated 
with  the  rotation  of  the  whole  initial  system,  and  the  "random"  component  obtained  after  subtrac- 
tion of  the  regular  component  from  the  observed  values. 

To  deal  with  the  regular  component,  and  in  particular  with  the  isochronism  of  spins, 
SAFRONOV  defines  first  an  asynwnetry  parameter  B describing  the  degree  of  asymmetry  of  impacts  over 
the  surface  of  the  body,  and  he  mentions  that  if  6 does  not  depend  on  the  distance  from  the  sun, 
the  rotational  periods  of  the  planets  must  be  approximately  equal  (but  this  description  should  not 
be  applied  to  Jupiter  and  Saturn). 

The  "random"  component  Is  assigned  to  fluctuation  over  and  above  the  regular  asyninetry 
coefficient  described  before.  Their  effect  will  be  seen  through  a "north-south"  asymmetry  in  the 
impact  distribution,  resulting  in  a tilt  of  the  planetary  spin. 

The  observed  tilt  can  be  related  tO  the  largest  infalling  masses  : for  the  earth  the 
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biggest  object  was*  10  of  the  earth  mass  while  for  the  highly  anomalous  Uranus  we  need  7%  of  . 
planetary  mass. 

SAFRONOV,  following  SCffllDT  and  RUSK0L,( references  in  the  text  of  SAFRONOV) .adopt  the 
Idea  of  satellite  formation  by  solid  particle  accretion  in  the  gravitational  field  of  the  simulta- 
neously growing  planet. 
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The  Initial  heat  of  the  earth  was  predominantly  bi ought  by  the  collision  of  infalling 
bodies.  The  central  temperature  is  ?bout  800  K. 

He  also  stresses  the  pa*^wicular  effects  of  the  impact  of  large  bodies  ( *"10^  cm).  Tempera- 
tures of  up  to  1 500  K can  be  reached  locally  in  a highly  inhomcgeneous  fashion,  which  could  be 
responsible  for  a large  part  of  geochemical  fractionation. 

As  their  last  step  before  planetary  formation  A + A describe  the  growth  of  an  "embryo" 
iniaersed  in  a "jet  stream"  (a  swarm  of  small  particles  orbiting  in  almost  parallel  orbit  inside  a 
toroidal  volume  surrounding  the  sun).  The  embryo  sweeps  up  particles  with  a cross-section  magnified 
by  gravitational  effects  (gravitational  Rutherford  scattering). 

The  formation  times  are  around  10^  y for  Mercury,  Venus,  Earth  and  Jupiter  ; for  the  moon, 
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Mars  and  Saturn,  they  could  reach  10  years  which  is  also,  in  their  estimates,  an  appropriate  value 
for  the  duration  of  the  plasma  injection  from  the  outer  infalling  cloud.  Uranus  and  Neptune  would 
get,  in  this  count,  impossibly  long  formation  times.  A + A solve  the  problem  by  assuming  that  these 
planets  have  accreted  after  the  end  of  the  injection  period  : the  jet  would,  then,  contract,  its 
mean  matter  density  would  increase  and  the  formation  time  would  be  reduced  considerably.  No  numeri- 
cal discussion  of  this  last  hypothesis  are  given. 

In  SCHATZHAN  model  (adapted  from  MAC  CREA  and  WILLIAMS)  the  formation  of  Jupiter  by  colli- 
sion of  rocks  takes^lO^  years  ; at  Uranus  and  Neptune  the  formation  time  is  again  impossibly  long. 

As  the  embryo  gathers  matter  from  a rain  of  infalling  particles,  it  also  warms  up  because 
of  the  kinetic  energy  released  at  impacts.  A + A make  the  distinction  between  the  neat  in  the 
•accretional  heat  front"  and  the  internal  heat  profile  at  the  end  of  accretion.  When  an  object  hits 
an  embryo,  an  amount  of  heat  is  suddenly  released  which  may  be  large  enough  to  melt  a mass  of  ground 
material  several  times  larger  than  the  infalling  mass,  especially  at  the  end  of  accretion,  when  the 
escape  velocity  corresponds  to  a few  eV  per  nucleon.  At  low  impact  rate,  the  material  will  have 
time  to  cool  before  it  is  melted  again  by  another  impact. 

After  a few  melting  (at  most)  this  same  material  is  buried  too  deeply  to  feel  further 
impacts.  This  way  an  accretional  heat  front  follows  the  surface  of  the  forming  planet. 

The  growth  rate  of  planets  (for  simplified  assumtions  on  the  feeding  of  matter  in  and  out 
of  the  Jet  stream)  has  been  evaluated  by  A + A.  A maximum  in  the  growth  rate  of  the  planet  (and 
hence  in  t*  ^ rate  of  energy  release)  usually  appear  somewhere  during  the  process.  In  the  case  of 
the  earth,  for  instance,  the  rate  at  the  beginning  (core  formation)  and  at  the  end  (mantle  forma- 
tion) are  low  enough  for  the  matter  to  cool  down  between  impacts,  but  for  the  intermediate  layers 
the  situation  is  opposite.  Hence  there  should  have  been  a maximum  of  temperature  at  around  1/2  of 
the  radius  of  the  earth.  No  nwnerical  values  are  given  except  that  this  effect  should  account  for 
the  fact  that  "only  an  intermediate  part  of  the  Earth  is  melted,  whereas  both  the  core  and  the 
mantle  are  solid". 

It  is  estimated  that  Mercury  and  the  Moon  should  have  been  solid  and  cool  inmediately 
after  their  formation.  Other  planets  are  also  qualitatively  discussed. 

The  accretional  heat  front  is  also  invoked  as  a factor  of  chemical  segregation  : the 
heavy  component  can  only  sink  through  the  instantaneous  layer  but  the  light  components  are  conti- 
nually brought  up.  This  way  the  radioactive  elemr  may  be  carried  to  the  surface  even  though  the 
planet  is  finally  left  in  a cool  state. 

After  meter-sized  bodies  have  fallen  at  mid-plane(in  a few  years ) CAMERON  studies  their 
rate  of  growth  by  accretion  according  to  a picture  presented  initially  by  WHIPPLE^ 
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Let  US  remember  that  in  view  of  the  radial  pressure,  the  gas  rotates  slower  than  the 
corresponding  Keplerian  velocity*  According  to  their  size  the  solid  bodies  are  slowed  down  by  the 
gas  drag,  and  spiral  inwards.  The  differential  motion  of  large  and  sma11*size  particles  (due  to 
the  different  gas  drag)  will  be  conducive  to  a sweeping  up  of  the  former  by  the  latter  and  will 
result  in  an  exponential  growth  rate,  limited  by  the  consequent  clean-up  of  the  reservoir. 

The  kinetic  energy  released  is  transformed  in  heat  and  radiation.  In  the  outer  (radiative 
part)  of  the  nebula,  where  the  temperature  is  ^100  K,  a dominant  role  is  played  by  the  ice.  Upon 
melting,  it  forms  an  atmosphere  of  steam  with  a few  ice  clouds  on  top  at  T^  200X.  In  the  second 
convective  zone  (T—  500  K)  the  same  role  is  played  by  the  silicates  (with  cloud  temperature  of 
500  K).  In  both  cases  we,  hence,  find  a very  high  initial  core  temperature  surrounded  by  an 
'‘extensive  gaseous  atmosphere  composed  of  the  principal  interior  constituents  of  the  body"  (for 
the  earth  the  total  radius  including  the  atmosphere  20  times  the  present  radius).  In  both 
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cases  the  planets  are  formed  in  less  than  10  years. 

One  important  consequence  is  the  fact  that  the  earth  would  be  born  in  a molten  state. 
Solidification  would  proceed  first  in  the  center  (in  view  of  the  elevation  of  the  melting  tempera- 
ture with  increasing  pressure)  and  proceed  upwards.  Clearly  the  geochemistry  associated  with  such 
a pattern  of  events  would  differ  appreciably  from  what  we  heard  about  in  the  other  models.  Some 
implications  are  discussed  by  the  author. 

Satellites  can  be  formed  either  by  capture  of  secondary  bodies  or  by  formation  of  a 
subdisk  around  the  planet,  much  in  the  same  way  that  the  planets  are  formed  around  the  sun  (follo- 
wing an  idea  dear  to  k ^ 

For  the  giant  planets,  the  second  mechanism  is  invoked  : the  initial  angular  momentum 
in  Ue  gas  of  the  nebula  prevents  the  inf  all  of  matter  all  the  way  to  the  surface  and  puts  the 
material  in  orbit,  where  it  finally  condenses. 

For  the  moon,  in  order  to  account  for  the  predominance  of  low  density  silicates,  CAMERON 
appeals  to  the  capture  of  a small  body  by  the  earth,  both  objects  possessing  a silicate  atmosphere. 
The  solid  part  of  the  smaller  object  is  retained  by  the  earth's  atmosphere  but  its  silicate  enve- 
lope condenses  into  the  moon.  (A  similar  picture  of  lunar  formation  had  earlier  been  presented  by 
RINGWOOD  and 

As  in  the  model  of  SAFRONOV,  the  anomalous  spins  are  explained  by  collisions  with  second 
largest  b'ldics*  late  in  the  game. 

CAMERON  and  PINE  assume  the  existence  of  independant  disks  orbiting  around  the  proto- 
solar neb.j's  (as  loft-overs  from  the  initial  collapse  phase).  A typical  disk  of  this  kind  with 
Ma.  4 X 10  and  T 20  K oecomes  the  birth  place  of  comets,  through  accretion  mechanisms  similar 
to  those  which  gave  rise  to  planets.  Again  the  birth  period  does  not  exceed  10  years. 
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As  discussed  before,the  nebula  dissipates  in  10  years,  due  to  the  dissipation  effects 
of  the  circulation  currents  ; this  process  should  be  over  shortly  after  the  formation  of  the  pla- 
nets. A large  fraction  of  the  nebular  mass  falls  Inward,  thus  forming  the  sun.  The  solar  corona, 
heated  up  by  a "variety  of  mechanical  wave  process",  generates, by  hydrodynamic  expansion, a strong 
T-Tauri  type  stellar  wind  which, in  turn, evacuates  a large  fraction  of  the  initial  mass  in  outer 
space. 

The  interaction  of  this  wind  with  planetary  atmosphere  gas  should  have  played  a dominant 
role  in  the  making  of  these  atmospheres  as  we  observe  them  now. 
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The  transport  of  matter,  first  from  the  nebula  into  the  sun,  and  later  from  the  sun  into 
space  (through  the  solar  wind)  will  have  important  dynamical  effects  on  the  planetary  distances  ; 
the  final  space  configuration  of  the  orbits  will  be  very  different  from  the  configurauion  at  the 
moment  of  planetary  accretion.  For  instance  the  planets  from  Mercury  to  asteroids  were  formed  at 
2 to  10  A.  U.  (where  T was  a.  500  to  1 500®,  and  P = 10  ^ to  10*^  atmosphere). 

ANDERS  and  CAST  will  discuss  later  the  geochemical  information  relevant  to  the  appropriate 
pressure  and  temperature  presiding  at  the  formation  of  the  earth,  moon  and  meteorites. 


COMMENTS. 

H.  C.  UREY  : 

I proposed  gravitational  instability  some  15  years  ago.  No  one  was  interested,  I should 
have  suggested  it  last  year,  I suppose.  I do  not  see  that  gravitational  instability  in  the  nebula 
is  hopelessly  incorrect  though,  of  course,  I do  not  regard  it  as  certainly  true. 

But  stickiness  of  grains  is  no  problem,  if  dust  grains  settle  in  a gas  sphere. 

H.  REEVES  : 

The  difficulties  met  by  models  of  planets  and  satellites  based  on  gravitational  instabi- 
lities* have  been  stressed  in  the  recent  works  of  ALFVEN  and  ARRHENIUS  (reference  in  the  text  of 
ARRHENIUS*  this  volume). 

D.  C.  BLACK  : 

Most  of  the  discussion  given  here  on  the  formation  of ‘stars  have  centered  on  a concept 
where  stars  form  in  massive  clouds.  However,  as  HERBIG  as  pointed  out,  there  are  cases  of  indivi- 
dual stars  which  appear  to  have  formed  in  an  Isolated  fashion.  This  possibility  must  be  kept  in 
mind  when  formulating  models  of  star  formation. 

B.  J.  LEVIN  : 


1.  On  the  Mass  of  the  Nboula  : 

Recently  I changed  my  mind  and  instead  of  a solar  nebula  of  a small  mass,  I suggest 

that  it  was  of  about  1-2  Mo  as  proposed  earlier  by  CAMERON.  Such  a large  mass  is  necessary  to 

assure  the  accumulation  of  Uranus  and  Neptune  within  the  age  of  the  solar  system.  The  surface 
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density  in  the  inner  part  of  the  nebula  remains  as  assumed  previously  (below  10  g/cm  ),  but  the 
nebula  has  to  extend  initially  up  to  about  200  AU  from  the  sun. 

2.  On  Accretion  through  Jet  Stream  : 

If  we  consider  only  a massive  central  bodv  and  a stream  of  solid  particles  or  bodies, 
then  ALFVEN's  conclusion  that  the  stream  can  form  a single  body  Is  correct.  But  in  a real  solar 
system*  gravitational  perturbations  from  planets  and  encounters  with  stray  bodies  as  well  as 
the  Poynting-Robertson  effect  will  destroy  the  stream  In  a time  scale  short  compared  to  the 
time  required  fur  Its  coalescence  into  a single  body. 
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3.  On  Gravitational  Accumulation  of  Large  Bodies  : 

The  problem  of  accumulation  of  planets  includes  not  only  the  problem  of  sticking  of  small 
particles,  but  also  the  problem  of  gravitational  accumulation  of  planets  from  bodies  of  10-100  Kn« 
This  stage  of  accumulation  determines  the  initial  temperature  of  the  Earth  and  ot’.er  terres- 
trial planets  and  must  be  discussed  separately  from  the  problem  of  sticking. 
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NUCLEAR  PHYSICS  IN  THE  EARLY  PHASES  0:  the  SUN. 

At  the  1962  NEW-YORK  meeting  on  the  Origin  of  the  Solar  System,  FOWLER  pi  esented  a recent 
model  of  GREESTEIN,  HOYLE  and  himself  (usually  referred  to  as  FGH),  which  essentially  had  for  ef- 
fect the  addition  of  a new  dimension  to  the  subject.  The  basic  Idea  was  that  all  the  atoms  of  D, 
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He,  LI,  Be,  B (and  also  the  long-lived  I)  in  the  solar  system  have  been  produced  by  an  Inten- 
se flux  of  high  energy  protons  generated  by  the  young  and  electromagnetically  active  sun,  bombar- 
ding the  various  bodies  gravitating  around  the  sun.  This  idea  was  related  to  a previous  work  of 
6REENSTEIN  (cf  FGH)  in  which  the  lithium  cofae..;.  of  stars  originated  by  spallation  reactions  in 
stellar  flares,  and  also  to  the  solar  system  model  of  HOYLE  (cf  FGH)  In  which  electromagnetic 

effects  were  responsible  for  the  rotational  deceleration  of  the  sun  and  rotational  acceleration  of 

the  planets.  By  comparing  ^he  abundance  ratios  of  the  light  eleinents  and  particularly  the  isotopic 
ratios  of  lithium  and  boron  with  their  estimation  of  the  production  (no  experimental  data  was  then 
available)  ratios  in  ••clear  reactions»FGH  were  able  to  present  a rather  detailed  sequence  of 
events  in  which  neutrons,  secondaries  to  the  spallation  reactions,  were  thermalized  and  played  a 
major  role  in  fixing  the  observed  ratios. 

This  work  opened  a vast  field  of  research  which  first  lead  to  the  measurements  of  the 

relevant  spallation  cross-sections  (the  late  Dr.  BERNAS  and  his  ORSAY  group  played  a dominant  role 

in  this  field)  and  second  to  a detailed  search  of  minute  isotopic  difFerences  in  chemical  consti- 
tuents of  meteorites  (and  of  the  moon)  witnessing  the  occurence  and  the  effects  of  this  irradiation. 

The  cross-sections  measurements  did  not  confirm  the  estimation  of  FGH  and  in  fact  cast 
serious  doubts  on  the  importance  of  secondary  neutrons  (GRADSZTAJN.  (1965),  (BERNAS,  6RADSZTAJN, 
REEVES  and  SCHATZMAN.  (1967),  here  after  called  BGRS. 

And  the  search  for  unambiguous  proof  of  an  early  irradiation  through  anomalous  Isotop. c 
ratios  in  meteorites  turned  out  to  be  rather  frustrating  (we  shall  hear  more  about  this  in  the 
talk  of  BEGEMAN). 

Following  the  laboratory  work  of  the  ORSAY  group, GRADSZTAJN  and  BGRS  hypothesized  that 
the  irradiation  had  taken  place  while  the  nebula  was  still  entirely  grseous  and  produced  the  iso- 
topes of  LI,  Be,  B.  The  same  irradiation  did  produce  some  D and  ^He  but  the  observed  ratio  of 
3 4 

D/H  or  He/  He  was  found  to  be  far  too  large  to  be  accounted  for  by  this  process  (mostly  because 
secondary  neutrons  could  not  be  appropriately  slowed  down). 

In  his  model  of  the  origin  of  the  solar  system,  SCHATZMAN  followed  BGRS  but  assumed  that 
the  irradiation  had  taken  place  in  a nebula  which  already  lost  a vast  fraction  of  H and  ^He  {simi- 
lar work  was  presented  by  AUDOUZE  J1969).  Following  the  spirit  of  FGH  he  made  important  use  of  the 
physical  conditions  required  for  the  model  to  account  for  D ^He  and  LI  Be  B to  obtain  the  perti- 
nent information  on  which  h1s  model  was  based.  However  at  that  time  the  wind  had  started  to  change. 
A closed  study  of  the  physical  processes  Involved  in  the  production  of  the  required  amount  of 
Li  Be  B by  spallation  reaction  in  stellar  flares  led  RYTER,  REEVES.  GRADSZTAJN  and  AUDOUZE  (1970J. 
to  a skeptical  state  of  mind  : the  energy  output  needed  appeared  unrealistically  high. 

One  should  look  elsewhere...  In  1969,  RE*^VES,  FOWLER  and  HOYLE  came  to  the  conclusion 
that  the  most  probable  mechanism  for  the  origin  of  Li,  Be,  B was  simply  the  bombardment  of  the 
Interstellar  matter  by  the  galactic  cosmic  rays  : a rough  estimate  showed  that  the  present  rate 
of  formation  of  these  elements  in  the  galactic  gas,  multiplied  by  the  age  of  the  galaxy  would 
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account  for  the  stellar  observations,  the  idea  being  that  when  a *^tar  is  made  out  of  this  gas  it 
contains  these  atoms  in  the  general  "galactic”  proportion  and  when  the  photosphere  oT  this  star 
shines  up  in  the  sky,  they  show  up  in  the  appropriate  atomic  transition  lines.  Detailed  calcula* 
tion  by  MENE6UZZI,  AUDOUZE  and  REEVES  (1971),  and  the  incorporation  of  galactic  evolution  effects 
by  MITIER  (1970) » and  TRURAN  and  CAMERON  (1971)  have  fully  confirmed  the  plausibility  of  this 
idea. 


The  one  negative  aspect  of  ♦‘his  new  theory  was  to  decouple  entirely  the  origin  of  Li  Be 
B from  processes  occuring  at  the  birth  of  the  suf  : all  th2  Li  Be  B cf  the  solar  system  were  pre- 
sent in  the  protosolar  nebula  before  its  birth  ! Nevertheless  the  same  calculations  also  showed 

3 4 

that  the  D and  He  could  not  come  from  the  galactic  cosmic  ray  effect  (factors  of  ^ 10  are  missing). 

And  since  the  solar  system  ratio  of  D/h  (in  earth  and  meteoritic  water)  appt^'^ed  to  be  at  least 

three  tiroes  larger  than  the  interstellar  ratio  (from  radio  astronomical  measurements)  there  was 

still  open  the  possibility  that  the  solar  system  deuterium  had  originated  in  nuclear  processes 

taking  place  in  the  system  itself.  However  after  an  analysis  of  the  solar  wind  abundance  of  the 

^He/^He  of  the  BERNE  group,  GEISS  and  REEVES  (1972)  came  to  the  opposite  conclusion)  (GEISS  will 

talk  more  about  it  later).  Hence  our  general  conclusion  * 

THE  ORIGIN  OF  D.  ^He  LI  Be  B HAVE  NOTHING  TO  DO  WITH  THE  ORIGIN  OF  THE  SOLAR  SYSTEM. 


However,  we  can  say, since  the  sun  must  have  undergone  a T-Tauri  phase  in  his 
young  days,  and  since  for  a number  of  reasons  (discussed  by  SCHATZMAN)  T-Tauri  stars^or  stars  inar 
even  earlier  phase^are  believed  to  undergo  a period  of  strong  electromagnetic  activity,  the  possi- 
bility of  some  kind  of  activity  is  still  left  with  us. 

This  possibilHy  has  received  a further  confirmation  from  the  establishment  of  a corre- 
lation between  the  amount  of  trapped  rare  gases  and  density  of  nuclear  tracks  in  micrograins  of 
meteoritic  material (PELLAS,  POUPEAU,  LORIl,  REEVES  and  AUDOUZE)  (1969), and  (LAL  and  RAJAN)(1969). 
The  argument  goes  like  this  : the  analysis  of  the  emission  lines  in  T-Tauri  stars  shows  that  these 
stars  are  emitting  matter  under  the  form  of  stellar  winds  with  flux  intensity  of  the  order  of 
10^  to  10^  of  the  present  solar  wind.  On  the  other  hand^the  fact  that  the  trapped  rare  gases  are 
often  found  to  be  largely  surface  concentrated  in  meteoritic  grains  points  to  the  solar  wind  as 
the  injection  agent  of  these  atoms  in  the  grains.  Then  the  correlation  between  gas  concentration 
(^l  KeV  particles)  and  tracks  (^1  MeV  particles)  suggest  that  the  wind  was  accompanied  by  fast 
particles; hence  the  conclusion  that  the  increased  wind  had  a corresponding  increased  high  energy 
particles.  The  only  weak  point  here  is  that  we  have  no  definite  proof  that  the  irradiation  took 
place  very  early  in  history  of  the  solar  system. 

What  kind  of  limits  can  we  set  to  the  intensity  of  this  early  irradiation  ? We  must  con- 
sider separately  the  irradiation  on  the  nebula  before  the  solidif‘*cation  of  the  planetesimals  and 
the  irradiation  on  the  planetesimals  itselt.  The  later  phase  would  generate  isotopic  differences 
between  various  objects  since  the  flux  will  vary  with  distance  from  the  sun  and  with  the  amount  of 
matter  shielding  the  observed  sample.  This  subject  will  later  on  be  discussed  by  BEGEMAN  (this 
volume). 

Since  the  gaseous  nebula  will  Indoubdetly  have  been  the  seat  of  internal  motions  and 
hence  of  thorough  gaseous  mixing  we  should  not  expect  the  initial  phase  to  have  left  witnesses  in 
the  form  of  isotopic  differences  in  stones.  A limit  can  nevertheless  be  set  from  the  fact  that 
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some  isotopic  ratios  are  everywhere  vastly  different  from  those  expected  in  spallation  reactions; 
hence  the  spallation  contribution  to  the  abundance  of  these  elements  must  be  negl^g'^*  ’e.  ’’or  ins- 
tance* the  lithiup  isotopic  ratio  \i/\i  = 12  would  be  reduced  by  a factor  of  two  if  the  total 
integrated  fV’x  of  incident  particles  had  been  larger  than  10  p/cm  , A similar  flux  of  thermal 
neutrons  would  produce  a ^^®Gd/^^^Gd  ratio  of  = 10  instead  of  the  observed  value  of  { * 1) 

(REEVES*  FOWLER*  AUDOUZE  and  SCHRAMM,  1972)*  (approximate  values  of  the  initial  Gd  ratio  can  be 
obtained  from  a study  of  the  physics  of  the  s-process) 

These  limits  are  low  and  have  an  important  incidence  on  the  study  of  chronologies 
120  244 

basea  on  I ard  Pu  : the  intensity  of  the  early  irradiation  on  the  gas  phase  was  far  too  small 
to  account  for  the  abundances  of  these  Isotopes  at  the  birth  of  the  solar  systf.ii.  From  the  report 
of  BE6EMAN  later  in  the  week,  the  same  conclusion  can  be  reached  about  the  later  irradiation  on 
the  solid  phase.  Hence  another  important  conclusion  : 

THE  ISOTOPES  ^^^1  AND  RESPONSIBLE  FOR  THE  OBSERVED  XENON  "EXCESSES"  WERE  ALRCA- 
PY  PRESENT  IN  THE  PROTOSOLAR  CLOUD. 
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METEORITES:  CLUES  TO  THE  ORIGIN  OF  THE  SOLAR  SYSTEM 

T.  E.  Bunch 

Ames  Research  Center,  NASA,  Moffett  Field,  Calif.  94035 


I.  INTRODUCTION 


What  are  meteorites  and  why  do  we  study  them?  Well,  to  start  with,  meteorites  are  rock  and 
metal  fragments,  smaller  than  planets  and  larger  than  molecules,  of  disrupted  planetary  bodies. 
Although  they  are  commonly  refeired  to  as  space  debris,  they  are  scientifically  important  for  the 
understanding  of  Solar  System  origin,  and  possibly  Earth  origin.  Prof.  Edward  Anders  of  the  Univer- 
sity of  Chicago  has  referred  to  meteorites  as  “the  poor  man’s  space  probes”  because  we  receive 
them  free  and  they  are  me  only  recognized  extraterrestrial  samples  available  to  us  other  than  the 
Apollo  lunar  samples.  Much  has  been  learned  about  their  early  geologic  history,  ages,  pre-terrestrial 
orbits,  environmental  condition,  organic  contents,  and  shock  events.  These  results  have  been  applied 
in  turn  to  interpreting  the  origin  of  the  Solar  System  and  comets. 

This  presentation  will  attempt  to  acquaint  the  reader  with  an  introduction  to  meteorites  and 
their  significance.  Because  of  the  many  fields  of  science  that  are  involved  in  laeteoritics  (the  study 
of  meteorites),  a glossary  of  terminology  is  given  in  appendix  A.  More  detailed  information  may  be 
obtained  from  Anders  (1971),  Keil  (1969),  Mason  (1962),  and  Wasson  (19'^3). 


II.  CL  VSSIFICATION,  BULK  COMPOSfTIONS  AND  MINERALS  OF  METEORITES 


A.  Classification 

Generally  speaking,  meteorites  are  classified  on  the  basis  of  bulk  chemistry  and  mineral- 
ogy. Further  division  of  classes  into  subtypes  is  commonly  based  on  textural  differences  and  minor 
and  trace  element  differences. 

Meteorites  are  classically  grouped  into  stones,  irons,  and  stony-irons  (table  1).  Among  the 
stones,  a major  distinction  is  made  between  the  chondrites  (fig.  1)  which  contain  chondrules 
(rounded  supercooled  mixtures  of  silicates  and  glass)  to  a greater  or  lesser  extent,  and  achondrites, 
which  do  not  contain  them.  The  most  abundant  of  the  chondrites,  called  of dinary  chondrites,  fall 
into  three  subt^'pes  based  on  the  amount  of  metallic  Fe-Ni  alloy  present  and  the  Fa  (fayalite, 
Fe2Si04)  and  Fs  (ferrosilite,  FeSiOs)  contents  of  the  constituent  olivine  and  pyroxene,  respec- 
tively: the  H (high  metal)  group,  the  L (low  metal)  group,  and  the  LL  (very  low)  metal  group 
(fig.  2).  The  main  mineral  constituents  of  all  these  are  olivine,  low  Ca  pyroxene,  metal,  high  albite, 
troilite,  and  minor  chromite.  An  additional  subdivision  into  petrographic  subgroups  is  based  on 
texture  (degree  of  m'tamorphisiu).  Ordinary  chondrites  with  delicate  chondrules,  nonequilibrium 
assemblage,  glass,  etc.,  are  designated  3 (least  metamorphosed)  and  those  where  the  chondrules  are 
recrystallized,  with  an  equilibrium  assemblage  and  no  glass  are  designated  6 (H6,  L6  or  LL6)  and  are 
most  metamorphosed. 
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Figure  2.  - Plot  showir^  distribution  of  Fe  between  reduced  metal  and  oxidized  phases  of  chondritic 
meteorites.  Solid  lines  show  locus  of  points  having  bulk  Fe/Si  ratios  of  0,6  and  0.8. 


The  nonordinary  chondrites  consist  mainly  of  ensiatite  chondrites  and  carbonaceous 
chondrites  (fig.  3).  The  former  are  composed  of  an  extremely  reduced  assemblage  consisting  mainly 
of  clino-enstatite  (Fs=0;  ferrosilite,  FeSi03>,  Fe-Ni  alloy,  and  troilite  with  a host  of  minor  and  trace 
phases  that  reflect  extremely  low  oxidation  conditions  (e.g.,  sinoite  (Si20N2),  oldhamite  (CaS), 
osbornite  (TiN),  etc.).  The  carbonaceous  chondrites  are  divided  into  thav  subtypes  - Cl,  C2,  and 
C3.  The  three  are  distinguished  primarily  by  their  carbon  and  water  contents  (table  1).  The  Cl 
meteorites  are  considered  the  most  primitive  meteoritic  objects  known  and  are  the  least  fraction- 
ated  chemically.  They  consist  mainly  of  a very  fine-grained  layer-lattice  silicate,  ferric  chamosite 
and  minor  magnetite.  The  C2  meteorites  consist  of  a matrix  (52*?^  on  the  average)  of  ferric 
chamosite  and  inclusions  (aggregate  clusters  and  some  chondrules)  (4S?c  on  the  average)  of  for- 
sterite,  enstatite,  spinel,  and  minor  Fe-Ni-Cr-Co  alloy  metal.  The  C3  meteorites  have  no  chamosite 
but  consist  mainly  of  a matrix  of  fine-grained  olivine  (^  Fa  50)  containing  inclusions  of  mainly 
forsterite,  enstatite,  and  spinel  along  with  a minor  amount  of  high  Co  (0.1  - 7^)  Fe-Ni-Co-Cr  alloy. 

Achondrites  consist  of  eight  main  subtypes  whose  major  mineralogies  are  adequately  described 
by  their  names  alone  (table  1). 

Iron  meteorites  can  be  grouped  into  a moderately  large  number  of  subtypes;  the  octahedrites 
(coarse,  medium,  fine;  fig.  4)  have  6.5  - 18%  Ni,  the  hexahedrites  (fig.  5)  have  < 7%  Ni,  and  the 
Ni-rich  ataxites  have  12  to  over  25%  Ni.  These  irons  commonly  contain  nodular  to  lamellar  inclu- 
sions of  graphite,  troflite,  schreibersile,  and  cohenite  (fig.  4).  Graphite  and  troilite  inclusions  con- 
tain within  them,  in  many  cases,  minor  assemblages  of  silicates  (and/or  phosphates),  some  of  which 
are  Cr-rich.  These  are  referred  to  later  as  ‘‘silicates  in  ordinary*  irons”  or  SOI  meteorites,  which 
serves  to  distinguish  them  from  an  unusual  group  of  iron  meteorites  that  contain  major  irregular 
masses  of  sUicate,  troilite,  ± phosphate,  ± chromite  assemblages,  sometimes  comprising  25-35 
volume  percent  of  the  meteorite  (fig.  6),  these  are  called  irons-with-silicate-inclusions,  or  simply 
IWSL 

The  stony-iron  meteorites  consist  principally  of  two  subtypes:  (1)  pallasites  (fig.  7),  which 
have  olivine  (Fs=  10-20)  in  a matrix  of  Fe-Ni  alloy  and  (2)  mesosiderites  (fig.  8),  which  are  mainly 
half  Fe-Ni  alloy  and  about  half  of  an  assemblage  consisting  of  orthopyroxene  (Fs-29-30),  anorthite 
(An=87-97),  olivine  (Fa=9-10),  and  troilite. 


B.  Bulk  Compositions 

Compositions  of  meteorites  are  quite  different  from  terrestrial  and  lunar  rocks.  Whereas 
major  elements  in  ordinary  chondrites  are  similar  to  solar  (cosmic)  abundance,  many  minor  ele- 
ments are  not;  achondrite  compositions  are  even  less  similar  to  solar  element  abundance.  Bulk 
compositions  of  various  achondrites  and  a few  representative  analyses  of  lunar  rocks  are  given  in 
table  2. 


C.  Meteoritic  Minerals 

Over  80  minerals  (table  3)  have  been  confirmed  in  meteorites  of  which  24  are  unique  to 
meteorite  assr*  Wages.  Many  of  these  unique  minerals  define  unusual,  if  not  extreme,  formation 
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environments.  For  example,  many  sulfides  (CaS,  0284,  MgS,  K3CuFei2Si4)  indicate  low  partial 
pressures  of  oxygen  (high  reducing  conditions).  Brezinaite  (^384)  has  been  found  in  only  one 
meteorite,  the  iron,  Tucson.  T le  apparent  oxidation  state  of  Tucson  was  sufficiently  low  to  reduce 
virtually  all  Fe  and  Ni  and  soff.e  Si  and  Cr  to  the  elemental  form  and  to  change  V and  most  Cr  from 
lithophile  to  chalcophile  character.  Other  minerals  indicate  high  shock  pressure  environments 
(diamond,  C and  Majorite,  Mg3(MgSi)8i3  0i  2).  High  temperature  mmerals  (grossular,  melilite, 
and  spinel),  found  in  carbonaceous  chondrites,  support  the  high  temperature  condensation  theory 
for  meteorite  origin.  In  addition,  many  common  minerals  in  meteorites  have  unusual  compositions 
or  textures  that  aid  the  reconstruction  of  meteorite  origin,  thermal  history,  and  chemical  environ- 
ment. An  example  of  this  application  is  that  the  petrography  and  composition  of  C2  meteoritic 
metal  is  different  from  other  meteorite  types.  Metal  occurs  dominantly  as  submicron-sized  beads, 
rarely  larger  than  5 microns,  poikilitic  within  Mg-rich  forsterite  (and  enstatite)  crystals.  The  crystals 
are  often  euhedral  or  fragments  of  euhedral  crystals.  Metal  in  ordinary  chondrites  occurs  interstitial 
to  silicates,  is  generally  ragged  and  irregular,  and  often  conforms  to  the  external  shapes  of  silicate 
grains.  In  the  C2  meteorites,  the  petrographic  relations  indicate  the  metal  beads  preceded  forsterite 
formation  and  may  have  acted  as  nuclei  for  euhedral  forsterite  crystals.  During  the  direct  condensa- 
tion of  a solar  nebula  gas  at  P(H2)  = 1(T^  atm,  metal  alloys  with  the  Fe,  Ni,  Cr,  and  Co  contents 
observed  in  the  metal  beads  of  these  carbonaceous  chondrites  (5-7%  Ni,  0.3-0.5%  Co,  around 
0.6%  Cr)  condense  directly  from  1445^-1370®  K. 


III.  SIGNIFICANCE  OF  SELECTED  METEORITES 


A.  Chondrites 

The  chondritic  meteorites  are  the  most  primitive  samples  available  for  study.  Some  of 
them  consist  of  relatively  undifferentiated  Solar  System  material  and  are  the  oldest  samples  so  far 
measured  in  the  Solar  System. 

There  are  three  classes  of  chondrites  (ordinary,  enstatite,  and  carbonaceous)  that  are  plotted  in 
distinct  fields  on  figure  2,  in  which  the  abundance  of  Fe  in  metal  and  FeS  is  plotted  along  the 
vertical  axis  and  the  abundance  of  Fe  as  FeO  in  silicates  is  plotted  on  the  horizontal  axis.  Enstatite 
chondrites  are  the  most  reduced  (no  FeO)  and  carbonaceous  chondrites  are  the  most  primitive  and 
oxidized  (little  or  no  Fe);  ordinary  chondrites  are  intermediate  and  show  a wide  range  of  oxidation 
states.  Qiondrites  comprise  about  86%  of  the  recovered  meteorites  from  falls.  These  statistics  offer 
a rough  estimate  of  the  relative  abundance  of  these  meteorites  in  earth-crossing  orbits,  although 
there  is  a bias  against  carbonaceous  chondrites  and  other  friable  chondrites  that  cannot  survive  Earth 
entry.  Moreover,  01  r sampling  is  further  biased  by  the  sampling  time  of  less  than  100  years, 
compared  to  the  millions  of  years  that  chondrites  have  traveled  in  space  as  debris. 

Four  independent  types  of  chemical  fractionation  have  been  observed  in  ordinary  chondrites; 
two  are  trends  within  ordinary  chondrites  (H,  L,  LL)  and  two  are  found  among  the  petrographic 
subgroups  (types  3,  4,  5,  and  6;  see  classification).  These  fractionations  and  their  sequence  are 
summarized  in  section  V. 

Carbonaceous  chondrites  are  extremely  important  for  three  reasons.  (l)They  contain  high 
temperature  inclusions,  rich  in  refractory  elements,  and  depleted  in  volatile  elements  (see  sec.  V)  set 
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in  a carbon,  H20-rich  matrix,  of  low  temperature  minerals.  (2)  They  contain  phases  that  have 
“non-solar”  abundances  of  '*0  and  neon  isotopes.  (3)  They  contain  hydrocarbons  and  other 
organic  compounds  that  may  have  been  the  starting  compounds  for  our  life  forms. 


B.  Achondrites 

Whereas  the  chondrites  are  primitive  and  relatively  undifferentiated,  achondrites,  for  the 
most  part,  arc  differentiated  and  similar  in  texture  to  terrestrial  and  lunar  magmatic  rocks.  Cooling 
of  basaltic  achondrites  from  magmas  implies  planetary  rock  forming  processes  and  strongly  indi- 
cates at  least  sublunar  size  parent  bodies.  The  premise  for  sublunar  size  parent  bodies  is  further 
supported  by  the  metamorphic  conditions  that  reheated  ordinary  chondrites  and  other  meteorites, 
the  slow  cooling  rates  of  iron  meteorites  (see  below),  and  the  formation  of  lunar-like  surface 
breccias  that  require  a body  of  sufficient  gravity  to  form  (Bunch  and  Stoffler,  1974).  Arguments 
against  large  parent  bodies  include  improbable  cooling  rates  (1600°  C to  400°  C for  irons)  for  large 
bodies,  difficulties  in  impact  breakup,  total  mass  of  the  present  asteroids  is  0.03%  that  of  the  Moon, 
and  absence  of  hydrostatic  high  pressure  phases  that  should  form  in  large  planetary  bodies. 

Several  theories  conclude  that  achondrites  originated  from  chondrites  and  others  conclude  that 
chondrites  originated  from  achondrites.  The  fact  that  some  achondrites  and  chondrites  have  com- 
parable ages  of  formation  suggests  that  there  is  no  genetic  link  in  their  formation. 


C.  Irons  and  Stcay  Irons 

Iron  meteorites  constitute  by  far  the  largest  total  weight  of  .ny  of  the  meteorite  classes. 
The  largest  meteorite  in  the  world  is  the  Hoba  iron  in  Southwest  Africa  which  weighs  54  metric 
tons.  Many  irons  weigh  over  4 metric  tons.  The  largest  stone  meteorite  is  in  Norton  County, 
Nebraska  which  weigh  over  1 metric  ton;  most  stony  meteorites  weigh  a few  kilograms  or  less. 

Widmanstatten  patterns  in  octahedrites  (fig.  4)  arise  on  cooling  from  ~ 900°  C where  7-iron  or 
taenite  becomes  unstable  and  platelets  of  a-iron  or  kamasite  grow  parallel  to  the  octahedral  crystal 
structure.  Study  of  Ni  diffusion,  which  is  responsible  for  this  growth,  through  the  temperature 
range  of  900-400°  C indicates  that  cooling  rates  vary  among  different  specimens  from  1-10°  C/ 
million  years.  The  conclusion  from  this  observation  is  that  iron  meteorites  cooled  very  slowly  in  a 
parent  body  of  sufficient  size  to  allow  for  slow  heat  loss,  but  small  enough  to  cool  from  the  melting 
temperature  down  to  ~ 400°  C where  some  octahedrites  were  completely  transformed  into 
hexahedrites. 

Irons  with  silicate  inclusions  (IWSI)  are  unusual  in  that  they  show  a brecciated,  angular  texture 
of  fragmented  rock  in  a nickel-iron  matrix  with  few  silicate  fragments  showing  any  remelting  signs 
that  surely  would  have  occurred  if  a molten  nickel-iron  melt  had  enveloped  brecciated  silicates.  An 
alternative  view  is  that  iron  meteorites  formed  “cold,”  i.e.,  from  Fe  dust  grains  that  agglomerated 
together  and  grew  into  large  bodies  via  a solid  state  process  and  were  heated  up  during  the  Solar 
System  event  that  also  metamorph.  ^ed  chondrites  and  produced  other  moderate  to  high  tempera- 
ture conditions. 


79 


IV.  CHEMICAL  PROCESSES  IN  THE  EARLY  30LAR  SYSTEM 


A.  Primordial  Matter 

The  Solar  System  was  well  mixed  in  an  isotopic  and  elemental  sense.  Few  isotopic  differ- 
ences have  been  found  that  may  be  attributed  to  incomplete  ni  King  of  material  with  different 
nucleosynthetic  processes.  A few  deviations  from  this  '‘complete”  mixing  process  do  exist  and 
imply  extrasolar  system  origins  for  their  presence.  Black  (1972)  found  unusual  or  nonsolar  isotopic 
ratios  for  neon  in  carbonaceous  chondrites  and  Qayton  et  ai.  (1973)  discovered  unusual  amounts 
of  in  carbonaceous  chondrites.  Since  the  Earth,  Moon,  and  other  meteorites’  oxygen  isotope 
patterns  all  lie  on  a single  fractionation  trend,  it  can  be  concluded  that  they  all  were  derived  from  a 
reservoir  homogenized  with  respect  to  oxygen  isotopes.  The  carbonaceous  chondrites  acquired,  in 
addition  to  this  homogenized  material,  a small  excess  of  ' from  the  protosun  or  from  outside  the 
Solar  System.  It  is  interesting  to  note  that  both  of  these  findings  suggest  that  the  existence  of  more 
than  one  type  of  matter  (material  with  different  isotopes)  in  the  Solar  System  greatly  challenge  the 
theory  of  nucleosynthesis  or  that  some  portion  of  our  Solar  System  came  from  an  outside  source. 

Elemental  differences  have  been  observed  and  these  differences  are  the  basis  for  the  classifica- 
tion of  various  meteorites  and  planetary  bodies.  These  differences  are  explicable  by  chemical 
fractionations  in  the  early  solar  nebula  and  postsolidification  events. 


B.  Condensation  of  Cosmic  Gas 

Separation  of  solids  from  gases  appears  to  be  the  best  process  for  cosmochemical  frac- 
tionation. There  is  good  evidence  for  such  separation  during  the  formation  of  meteorites  and 
terrestrial  planets.  Many  of  the  abnormal  or  depleted  abundances  of  eases  for  the  Earth  can  be 
explained  by  volatility  fractionation.  A cooling  gas  of  cosmic  composition  (at  a pressure  of 
ICT^  atm)  could  condense  in  the  following  order.  Below  2000"^  K.  the  highly  refractory  compounds 
of  Ca,  Mg,  Ti  and  A1  appear,  followed  by  magnesium  silicates  and  nickel-iron  and  alkali-silicates 
(table  4).  This  leaves  only  H,  C,  N,  O,  and  S of  the  major  elements  in  the  gas  phase.  At  700^  K,  S 
begins  to  condense  on  solid  Fe  by  the  reaction  Fe  + FeS  + H2  followed  by  Pb,  Bi,TL  and 

In.  Any  remaining  Fe  reacts  with  H^O  to  give  Fc3  04.  Lastly,  H2O  is  bound  as  hydrated  silicates  at 
some  temperature  below  400^  K. 

This  is  considered  as  the  present  working  model  among  most  space  scientrts,  although  one 
must  bear  in  mind  that  other  new  lines  of  evidence  indicate  that  the  solar  nebula  temperature  was 
never  above  lOOC^  K,  thus  negating  this  and  other  high  temperature  condensation  models.  How- 
ever, until  this  new  solar  nebula  low  temperature  evidence  is  substantiated,  the  condensation  model 
remains  as  the  best  available. 


C.  Agglomeration  of  Condensed  Solids 

Now  that  we  have  solid  particles,  we  have  to  gi  t them  together  to  form  solid  bodies. 
Probably,  the  best  place  to  begin  is  with  chondrule  formation.  To  form  chondrules,  one  alternative 
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is  that  the  primordial  condensate  was  entirely  dust  and  a traction  of  it  was  rcmelled  to  chondrules 
by  electric  discharge  of  shock  waves  (Whipple,  1966:  Cameron,  1966).  At  low  ambient  pressures, 
these  molten  droplets  are  unstable  with  respect  to  vapor  and  the  droplets  may  freeze  before  they 
have  completely  evaporated.  Another  alternative  is  that  condensation  did  not  proceed  under  equi- 
librium conditions,  but  involved  supercooling  and  nietastability.  Once  nucleation  of  solid  began, 
complete  freezing  progressed  rapidly.  Both  dust  aiid  chondrulr>  agglomerated  into  planetesimals, 
which  in  turn  accreted  into  planetesimals  and  finally  into  parent  bodies. 


V.  SUMMARY  OF  SOLAR  SYSTEM  EVENTS 


On  the  premise  that  solar  system  primary  solid  particles  condensed  from  a '"hot”  solar  gas,  the 
sequence  of  events,  modified  from  a model  by  Wasson  (1972),  is  given  as  follows* 

1.  An  interstellar  gas  and  dust  cloud  undei’went  slow  collapse  and  fragmentation  to  form  the 
solar  nebula. 

2.  As  a result  of  the  dissociation  of  H2  and  the  ionization  of  H and  He,  the  solar  nebula 
collapsed  rapidly  with  associated  conversion  of  gravitational  energy  to  heat. 

3.  The  angular-momentum  content  of  an  appreciable  fraction  of  the  nebula  was  such  that 
further  eollapse  was  hindered.  This  material  collected  into  a nebular  disk.  Heating  stopped,  and  the 
temperature  of  the  material  leveled  off  and  started  to  decline. 

4.  Evaporation  of  preexisting  solids  was  incomplete  in  the  region  farther  from  the  Sun  than 
the  formation  location  of  the  ordinary  chondrites,  and  the  gas  in  this  outer  region  was  therefore 
depleted  in  refractory  elements. 

5.  There  was  enough  turbulence  in  the  formation  region  to  mix  the  gas.  Temperatures  con- 
tinued to  decline,  and  after  some  degree  of  undercooling,  condensation  commenced. 

6.  (jondensation  of  silicates  began  almost  Mmidtaneously,  independent  of  distance  from  the 
sun.  Metal  nucleation,  however,  began  at  the  edge  of  the  formation  location  (presumably  the  edge 
nearer  the  Sun),  where  the  most  siderophilic-element-rich  material  ultimately  formed,  and  the 
“nucleation  front”  moved  slowly  across  this  region. 

7.  The  greater  supersaturation  of  Fe-metal  vapor  and  the  lower  mean  condensation  tempera- 
tures at  the  low-pressure  extreme  of  the  formation  region  produced  higher  mean  Fe/(Fe  + Mg) 
ratios  at  this  edge,  with  the  ratios  monotonically  decreasing  toward  the  high-pressure  (metal-rich) 
edge.  Thus,  the  oxidation-state  fractionation  is  ’*d  to  the  same  nebular  properties  as  the 
si  'erophilic-element  fractionation. 

8.  The  temperature  continued  to  drop,  and  condensation  proceeded.  Silicate  grains  formed  at 
higher  temperatures  were  larger  and  had  lower  Fe/Mg  ratios  than  those  formed  at  lower  tempera- 
ture . Conditions  (rate  of  temperature  decrease,  etc.)  were  such  that  the  larger  grains  retained  their 
initial  Fe/Mg  ratios. 
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9.  Temperature  approached  a minimum  (or  better,  a plateau)  and  condensation  stopped. 


10.  Qiondrules  were  produced  by  electrical  discharges  or  impact.  About  50-80%  of  the  volatile 
and  semivolatile  elements  were  removed  duiing  this  process. 

1 1.  The  material  agglomerated  to  planetesimals. 

12.  Agglomeration  cf  material  in  the  region  nearer  the  Sun  began,  the  opacity  of  this  region 
dropped,  and  temperatures  in  the  formation  i ation  of  the  ordinary  chondrites  began  to  rise. 
Accretion  of  planetesimals  to  parent  bodies  commenced. 

13.  Unaccreted  planetesimals  and  the  outer  layers  of  parent  bodies  experienced  metamorphism 
as  a result  of  the  rise  in  ambient  temperature.  This  high-temperature  period  was  relatively  brief 
(perhaps  1 0^  years),  and  material  in  the  interior  of  larger  bodies  remained  at  essentially  the  temp  ?r- 
ature  at  which  it  had  accreted. 

14.  Accretion  of  planetesimals  to  parent  bodies  continued,  and  some  parent  bodies  coalesced  to 
form  larger  parent  bodies.  Mixing  of  material  from  different  depths  and  thus  of  different  petrologic 
types  occasionally  occurred. 

15.  The  pirent  bodies  and  their  fragments  experienced  various  breakups,  as  recorded  in  the 
form  of  cosmic-ray  ages,  gas-ietention  ages,  etc. 

16.  Debris  from  three  or  four  parent  bodies  was  perturbed  into  earth-crossing  orbits  and  was 
captured  by  the  Earth. 
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APPENDIX  A 


Condensation  - condensation  of  a vapor  phase  to  form  a solid  or  liquid  phase. 

Agglomeration  - attachment  of  solid  particles  to  form  aggregates  in  tliC  millimeter-to-rneter  size 
range. 

Accretion  - is  the  accumulation  of  previously  condensed  and  agglomerated  material  to  the  size 
range  meter-to-100  km  range. 

Chalcophile  - elements  enriched  r.i  sulfide  minerals  and  have  a weak  affinity  for  oxygen. 

Chondrites  and  chondrules  - chondrites  are  stony  meteorites  containing  chondrules,  millimeter- 
sized silicate  spherules  that  appear  1 3 be  frozen  droplets  of  a melt.  They  consist  largely  of 
olivine  [(Mg,  Fe)2  Si04  ) , pyroxene  [(Mg,  FelSiOa  ] , and  plagioclase  feldspar  [solid  solution  of 
CaAl2Si2  0g  and  NaAlSi3  0s  ] . In  the  more  primitive  chondrites,  glass  is  often  found  in  place 
of  crystalline  feldspar.  (Special  names  exist  for  the  endmembers  of  the  Fe-Mg  solid  solutions: 
MgSiOa  = enstatitc\  FcSiOa  = f?rrosiUte\  Mg2Si04  = jorsterite;  Fe2Si04  = fayalite.  They  are 
abbreviated  En,  Es,  Fo,  and  Fa.) 

Lithophile  - elements  that  combine  with  oxygen  and  form  silicate  minerals. 

Siderophile  - elements  that  are  readily  soluble  in  iron  and  have  a weak  affinity  for  oxygen  or 
sulfur. 
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TABLE  1.-  SIMPLIFIED  CLASSIFICATION  OF  MAJOR  METEORITE  TYPES 

AND  SUBTYPES 


Type 


Major  minerals 


A. 


Stone  meteorites 

Ordinary  chon  tes  (H,  L,  LL)  Olivine,  orthopyroxene,  clinopyroxenes,  metal, 

troilite,  albitic  plagiodase,  chromite 
Enstatite  chondrites  Enstatite  (ortho-  and  clino-),  metal, 

troflite,  ± plagiodase 

Carbonaceous  chondrites 

Cl  C = 3.5;  HjO  = 20.1  Ferric  chamosite,  magnetite 

C2  C = 2.5 ; H2 O = 1 3.4  Ferric  chamosite,  olivine,  enstatite, 

troilite 

C3  C = 0.5 ; Hi  O = 1 .0  Olivine,  enstatite,  pentlandite,  troilite 

Achonurites 

Enstatite  achondrites 
Broiuite  achondrites 
Olivine  achondrites 


Olivine-pi^eonite  achondrites 
Augite  achondrites 
Diopside  achondrites 

Orthopyroxene-pigeonite-plagioclase  achondrites 
Pigeonite-plagioclase  achondrites 


Basaltic  achondrites 


B.  Iron  meteorites 

Hexahedrites  Metal  (<  7%  Ni),  troilite 

Oc^ahedrites  (coarse,  medium,  fine)  Metal  (6.5-1 8%  Ni),  troilite,  graphite 
Ni-rich  ataxites  Metal  (12  25+%  Ni) , troflite,  schreibersite 

Irons  with  silicate  inclusions  (IWSI)  Metal,  schreibersite,  troflite,  ortho- 

pyroxene,  clinopyroxene,  plagiodase, 

± olivine,  ± graphite 


C.  Stony -iron  meteorites 

Pallasites  Metal,  olivine 

Mesosiderites  Metal,  orthopyroxene,  olivine,  troflite 
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TABLE  2 - AVERAGE  CHEMICAL  COMPOSITION  OF  ACHONDRITE  METEORITES  (LISTED 
IN  ORDER  OF  INCREASING  IRON  CONTENTS  SELECTED  TERRESTRIAL  AND  LUNAR 
ROCKS 


Achondrites 

SiOj 

MgO 

Eni^tatite  achondrites 

54.01 

35.92 

Augite  achondrites 

44.58 

10.05 

Olivine-pigeonite 

achondrites 

.0.83 

37.43 

Ortiiopyroxene-pigeonite- 
plagioclase  achondrites 

.75 

16.10 

Pigeonite-plagioclase 

achondrites 

48.17 

7.10 

Bronzite  achondrites 

52.11 

25.85 

Diopside  achondrites 

48.96 

12.01 

Olivine  achondrites 

37.12 

32.05 

Terrestrial  (maflc) 

Dunite 

40.49 

46J2 

Peridotite 

44.94 

37.21 

Gabbro 

47.00 

8.96 

Norite 

50.8 

8.44 

Basalt 

49.87 

6.27 

Lunar 

Apollo  1 1 basalt 

40.2 

7.1 

Apollo  1 5 basalt 

44.0 

11.1 

Apollo  1 6 troctoliie 

44.5 

8.8 

Apollo  1 7 basalt 

37.8 

9.9 

Apollo  1 7 Dunite 

39.9 

43.6 

FeO 

AI2O3 

CaO 

Na^O 

K2O 

TiOi 

0.97 

0.67 

0.91 

1.32 

0.10 

0.06 

8.50 

8.86 

24.51 

0.26 

0.19 

2.39 

12  16 

0.54 

0.87 

0.11 

0.04 

0.15 

13.26 

8.71 

6.53 

0.95 

0.28 

0.11 

16.00 

13.91 

10.94 

0.67 

0.13 

0.51 

16.05 

1.18 

1.41 

0.01 

0.001 

0.i9 

19.63 

1.74 

15.17 

0.41 

0.14 

0.38 

28.82 

1.26 

0.56 

0.19 

0.09 

0.16 

8.34 

0.86 

0.70 

0.10 

0.04 

0.02 

8.50 

4.87 

3.61 

0.64 

0.21 

0.10 

10.00 

17.92 

11.60 

2.18 

0.80 

1.18 

10.32 

16.19 

9.27 

2.63 

0.80 

1.14 

12.84 

15.96 

9.09 

3.16 

1.55 

1.38 

18.4 

10.2 

11.2 

0.75 

0.15 

11.4 

22.6 

8.4 

9.4 

0.21 

0.03 

2.31 

7.2 

23.6 

13.7 

0.42 

0.15 

0.71 

18  5 

8.9 

10.1 

0.35 

0.06 

13.00 

11.3 

1.53 

1.14 

— 

— 

0.03 
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TABLE  3 


I.  The  minerals  of  meteorites,  up  to  1 962  (an  asterisk  11.  Minerals  discovered  in  meteorites  since  1962  (an 

indicates  those  not  known  to  occur  in  terrestrial  asterisk  indicates  those  not  known  to  occur  in 

rocks).  Fable  modified  from  Mason  ( 1972).  terrestrial  rocks). 

Name  Formula  Name  Formula 


Kamacite 

a-(FeJ4i) 

Taenite 

7-(FeJ4i) 

Copper 

Cu 

Diamond 

C 

Graphite 

C 

Sulfur 

s 

Schreibersite 

(FeJli),P 

Cohenite 

(Fe^i)jC 

^Osbornite 

TiN 

Troilite 

FeS 

*Oldhamite 

CaS 

Pentlandite 

(Fe^i),S8 

*Daubreelite 

FeC  t2  S« 

Chalcopyrite 

CuFeSi 

Pyrite 

FeSj 

Sphalerite 

(Zn4^e)S 

*Lawrencite 

(FeJ4i)Cl, 

Magnesite 

(Mg4^e)C03 

Calcite 

CaCOj 

Dolomite 

CaMgCCOj)! 

Quartz 

SiO, 

Tridymite 

SiO, 

Crist  obalite 

Si02 

llmenite 

FeTiOj 

Spinel 

MgAl204 

Magnetite 

FCj04 

Chromite 

FeCf2  04 

Chlorapatite 

Cas(P04)jCl 

Whitlockite 

Ca,MgH(P04>7 

*Farringtonite 

Mg3n>04>2 

Gypsum 

CaS04-2H2  0 

Epsomite 

MgS04-7H2  0 

Bloedite 

Na2Mg(S04>2.4H2  0 

Olivine 

(Mg,Fe)2SiC4 

Orthopyroxene 

(Mg.Fe)Si03 

Ginopyroxene 

(Ca>.„.Fe)Si03 

Plagioclase 

(Na.CaXA13i)«Og 

Serpentine  (or  chlorite) 

(Mg4^e)*SUO,o(OH)8 

Awaruiie 

NijFe 

*Lonsdaleite 

C 

Chaoite 

C 

*Haxonite 

*Barringerite 

♦Perryite 

(Ni4^e)s(Si,P)2 

*Car!sbergite 

CrN 

*Sinoite 

SijNjO 

Pyrrhoiite 

Fei  .xS 

Mackinawite 

FeSi  «x 

Heazlewoodite 

NbS^ 

*Niningerite 

(MgJ^e)S 

Aiabandite’ 

(Mn,Fe)S 

♦Brezinaite 

CraS, 

Djerfisherite 

fCaCuFci  2^14 

*Gentnerite^ 

CugFcaCri  iSi  g 

Rutile 

TiOj 

Hercynite 

(Fe>«g)Al2  04 

Hibonite 

CaAl|  2 0|  9 

Perovskite 

CaTiOa 

Whewellite 

CaCa  O4  J^2  0 

^Stanfieldite 

Ca4(Mg4^e)5(P04>6 

♦Brianite 

CaNaa  Mg(P02  ) 

Graftonite 

(Fe>«n)3(P04)2 

♦Paneth't^ 

(CaJ4a)2(MgJ^c)a(P04)2 

Sarcopside 

(FeJ^n)3(P04)2 

''Ringwoodite 

(MgJe)2Si04 

♦Majorite 

MgafX'^SOSiaOia 

Woolastonite 

CaSiOj 

*Ureyite 

NaCrSiaOg 

Potash  feldspar 

(KJ4a)AlSi3  0g 

Nepheline 

NaAlSi04 

Sodalite 

Nag  Alg  Si^  O2  4 CI2 

♦Mcrrihucite 

(K,Na)2  Fcs  Sii  2 O3  0 

♦Roi'Hfterite 

(K,Na)2  Mgs  Sii  2O30 

♦Yagiite 

(K,Na)2(Mg,.4l)5(SiAl)i20: 

Richterite 

NaaCaMgs  8^022^2 

Melilite 

Ca2(MgAlXSiAl)2  07 

Zircon 

ZrSi04 

Grossular 

Caa  AI2  Sia  0]  2 

Andradite 

Caa  FcaSiaOi  2 

Rhonite 

CaMga  TL^l2  SiO|  0 

Cordierite 

Mga  AI4  Sis  0|  g 

•Krinovite 

NaMga  CrSia  0i  0 

Monticellite 

Ca(Mgfe)Si04 
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TABLE  4.  - STABILITY  FIELDS  OF  EQUILIBRIUM  CONDENSATES  AT 


10'*  ATMOSPHERES  TOTAL  PRESSURE  (GROSSMAN,  1972) 


Phase 

Condensation 
temperature  (°K) 

Temperature  of 
disappearance  (°K) 

Corundum 

AljOj 

1758 

1513 

Perovskite 

CaTiOj 

1647 

1393 

Melilite 

Cai  AI2  Si07  -Caj  MgSij  O7 

1625 

1450 

Spinel 

MgAli04 

1513 

1362 

Metallic  Iron 

(Fe,  Ni) 

1473 

Diopside 

CaMgSi2  04 

1450 

Forsterite 

Mg2Si04 

1444 

TisOs 

1393 

1125 

Anorthite 

CaAl2  Si2  Og 

1362 

Enstatite 

MgSiOj 

1349 

Metallic  Cobalt 

Co 

1274 

Alabandite 

MnS 

1139 

Rutile 

Ti02 

1125 

Alkali  Feldspar 

(Na,  KIAlSijOg 

~1000 

Troilite 

FeS 

700 

Magnetite 

Fe3  04 

405 

Ice 

H2O 

< 200 
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A REVIEW  OF  LUNAR  SURFACE  FEATURES 
Peter  H.  Schultz* 

Ames  Research  Center,  NASA,  Moffett  Field,  Calif.  94035 


I.  INTRODUCTION 

Astronomers  have  studied  the  Moon  as  they  would  other  astronomical  bodies:  first  with  the 
lowest  telescopic  resolution,  then  with  progressively  higher  resolutions.  Their  overview  (fig.  1) 
revealed  two  characteristic  lunar  surfaces,  the  maria  (or  smooth,  dark  plains)  and  the  terrae  (or 
cratered,  light  highlands),  and  much  scientific  debate  has  centered  on  the  origin  of  the  gross  mor- 
phologies of  these  terrains.  Instrumentation,  a turbulent  terrestrial  atmosphere,  and  384,000  km 
precluded  the  classical  approach  followed  by  geologists:  start  with  the  simplest  — and  typically  the 
smallest  — structures,  then  examine  the  more  complex  features.  During  the  last  decade,  however, 
lunar  probes,  landers,  and  orbiters  have  relayed  remarkably  detailed  information  about  the  Moon  ~ 
information  requiring  the  conversion  of  the  lunar  astronomer  into  a lunar  geologist.  The  general 
questions  and  overview  approach  were  suddenly  changed  to  specific  questions  and  a detailed 
approach. 

The  “new’'  lunar  geologist  has  before  him  an  overwhelming  photographic  record  of  different 
surface  featii  and  describing  these  features  requires  a classification  scheme.  One  scheme  uses  the 
interpretatio  of  the  observer  and  incorporates  them  into  the  descriptive  nomenclature.  As  a result 
we  can  describe  a lunar  impact  crater,  volcanic  cone,  lava  dome,  or  lava  tube.  Another  scheme 
avoids  connotation  of  genesis  altogether;  thus,  we  have,  respectively,  a rimmed  circular  depression 
with  an  extensive  hummocky  apron,  a positive-relief  feature  with  a cone-shaped  profile  and  summit 
pit,  a low-n  ief  positive-relief  feature  with  a convex  profile,  and  a discontinuous  sinuous  rille.  The 
first  schei  - clearly  conveys  a familiar  meaning  but  carries  with  it  obvious  observational  bias. 
Although  the  second  scheme  avoids  this  genetic  connotation,  such  descriptions  can  become 
cumbersome  and  perhaps  seem  overly  cautious  and  timid.  However,  this  approach  is  fundamental  in 
serious  morphologic  studies  because  it  forces  a review  of  the  parameters  that  characterize  surface 
features.  On  the  Earth  we  can  directly  test  the  validity  of  interpretive  labels  from  aerial  photo- 
graphs; on  the  Moon,  we  cannot.  A compromise  is  sought  in  the  following  discussions.  More 
detailed  analysis  of  surface  features  and  terrestrial  analogs  can  be  found  in  Mutch  (1972).  An 
extensive  illustrated  guide  to  lunar  surface  features  has  been  made  by  Schultz  (1972)  and  is  the 
basis  for  this  summary. 

An  easy  way  to  classify  lunar  features  is  to  describe  their  profile  as  either  positive  or  negative 
relief.  But  the  abundance  of  lunar  craters  permits  us  to  treat  them  separately.  Thus,  we  have  craters, 
positive-relief,  and  negative-relief  features,  and  most  surface  features  can  be  discussed  as  subsets  of 
these  categories. 

Before  looking  at  the  Moon,  we  should  appreciate  the  effects  of  both  the  harsh  lighting  and 
the  absence  of  an  atmosphere  - the  latter  eliminating  depth  perception  or  what  artists  call 
“atmospheric  perspective.”  Without  fully  appreciating  these  two  factors,  19th-century  selenologists 
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exaggerated  craters  into  steep-sided  pits  and  mountains  into  craggy  peaks  (see  fig.  2).  Figure  3 
illustrates  this  exaggeration  of  relief  owing  to  low  illumination  as  well  as  the  critical  dependence  of 
feature  recognition  on  the  angle  of  illumination. 


II.  CRATERS 

The  enormous  variety  of  lunar  craters  reflects  the  morphologic  differences  of  the  floor,  wall, 
and  rim  (beyond  the  rim  crest)  regions.  The  morphologic  differences  correspond  to  differences  in 
both  origin  and  modification.  The  temptation  is  to  describe  craters  by  type,  but  a more  revealing 
first  step  is  to  consider  separately  these  characteristic  crater  zones. 

For  example,  the  floors  of  four  different  craters  are  shown  in  figure  4.  The  crater  Tycho 
(fig.  4(a))  exhibits  a highly  textured  floor  characterized  by  ribbon-like  patterns,  small  domes  and 
large  central  peaks  surrounded  by  narrow  moats,  cones,  flow  features,  and  narrow  crevices.  In  clear 
contrast,  the  crater  Tsiolkovsky  (fig.  4(b))  contains  a smooth,  dark  (less  than  6 percent  total  reflec- 
tivity) plains  unit  covering  most  of  the  floor,  although  remnants  of  a textured  floor  resembling  that 
of  Tycho  occurs  near  the  base  of  the  walls.  The  plains  unit  resembles  the  maria  that  cover  much  of 
the  visible  side  of  the  Moon.  Like  Tycho,  Tsiolkovsky  has  a central  peak  complex;  unlike  Tycho, 
the  peak  rises  above  several  portions  of  crater  rim.  The  crater  Abulfeda  (fig.  4(c))  also  contains  a 
plains  unit,  but  both  its  surface  reflectivity  and  small  crater  density  are  much  greater  than  those  of 
the  dark  Tsiolkovsky  floor.  In  contrast  to  the  three  preceding  examples,  the  floor  of  Vitello 
(fig.  4(d))  is  crossed  by  fractures  arranged  in  concentric  pattern;  however,  Vitello  resembles  Tycho 
and  Tsiolkovsky  in  that  it  also  contains  central  peaks. 

Do  these  differences  in  floor  morphologies  indicate  differences  in  crater  origin  or  do  they 
reflect  different  stages  of  modification?  Based  only  on  the  floor  morphology,  we  might  conclude 
that  Tycho  represents  a volcano.  Much  more  likely,  however,  its  once-molten  floor  is  a remnant  of 
an  enormous  impact  event.  This  conclusion  is  based  on  the  evidence  for  a devastating  release  of 
energy  as  indicated  by  rays  and  numerous  small  craters  extending  thousands  of  kilometers  from  the 
rim  crest.  The  ei;ergy  required  to  propel  ejecta  to  such  large  distances  has  no  counterpart  in 
terrestrial  volcanism,  but  more  than  sufficient  energy  is  released  during  an  impact  by  a large 
meteoroid  traveling  5 km/sec.  More  importantly,  samples  returned  by  the  Apollo  missions  demon- 
strate the  importance  of  impact  processes,  and  extrapolation  of  the  frequency  and  size  of  space 
debris  over  billions  of  years  reveals  the  high  probability  of  such  catastrophic  encounters.  Further- 
more, craters  resembling  Tycho  occur  over  the  entire  Moon  without  concentrations  in  volcanic- 
appearing  terrains. 

Because  the  maria  are  believed  to  be  the  result  of  basalt  flows,  their  existence  on  the  floor  of 
Tsiolkovsky  also  could  indicate  a volcanic  origin  for  this  crater.  However,  the  rim  zone  resembles 
that  of  Tycho.  Consequently  a reasonable,  and  generally  accepted,  idea  is  that  Tsiolkovsky  was  also 
produced  by  an  enormous  irrpact  but  its  floor  was  subsequently  inundated  by  mare  basalts  during  a 
separate  epoch  of  volcanic  modification. 

The  floor  of  Abulfeda  lacks  not  only  the  features  in  Tycho  and  Tsiolkovsky  but  also  lacks 
indications  of  an  extensive  ejecta  blanket.  The  entire  crater  is  subdued  and  appears  to  be  a product 
of  eons  of  exposure  to  meteoritic  bombardment.  Such  repeated  impacts  degrade  not  only  by  the 
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Opposite  - 

Figure  2.-  Comparison  of  telescopic  view  (a)  of  the  Apennine  Mountains  - 
Archimedes  region  '^f  ^he  Moon,  with  a modeled  reconstruction  (b), 
under  low  solar  illummation  made  by  J,  Nasmyth,  1885.  Two  imaginary 
views  of  the  lunar  surface  from  R.  A.  Proctor  (1874):  ‘Vln  earth4ight 
scene  on  the  Moon  *s  surface  ''(c);  **!deal  view  of  mountain  scenery  in  *he 
Moon  (Apennine  Mountains)"  (d).  Figures  (c)  and(d)  courtesy  of 
Eugene  Smith. 
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Figure  3.  - Model  ot  the  lunar  surface  under  different  illuminations  (courtesy  of 
R.  Greeley),  Where  the  illumination  is  greater  than  about  2{f  above  the 
horizon,  much  detail  is  lost;  however,  subtle  reflectance  (albedo)  differ- 
ences are  lost  for  illumination  an^es  below  60^, 
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Opposite  - 

Figure  4.  - Four  crater ^ exhibiting  different  floor  types:  volcanic  ippearing  floor 
of  Tycho,  (a)  (LOV-125-M);  mare-inundated  floor  of  Isiulkcv:^, 
(b}(III-J2FHI );  subdued,  cratered  floor  of  Abuifeda,  (c) (V’Q84‘M); 
ano  fractured  floor  of  Vitello,  (d)(V-168-M),  Widths  of  respective 
pnotogtaphs  correspond  to  66,  92,  51,  and  58  km  on  the  lunar  surface, 
:^lar  illumination  for  all  photographs  is  from  the  top  with  the  north 
direction  for  (a),  fc),  (d),  being  to  the  left;  north  m (b)  is  to  the  right. 
Arrow  in  (c)  identifies  a small  part  of  a long  crater  chain  unrelated  to 
Abuifeda. 
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gradual  ''ruundinH  off  th*‘  edges'’  but  also  by  blanketing  from  distant  injpacts.  some  of  which 
produced  basins  as  large  as  1300  km  m diameteT^ ' Inibriiun  Basin), 

The  fractured  tloor  of  Vitetio  JS  typical  of  niim^  rous  craters  that  are  found  along  the  borders 
of  the  maria,  Th*"  rioors  genera!  !y  are  shallow,  and  veral  contain  m are!  ike  units  and  dark -haloed 
volcanic  vents.  Although  a volcank  origin  for  such  craters  seems  to  hv  u reasonabJe  interpadation, 
similar  fncTures  and  shallow  floors  have  been  recognized  in  craters  with  a rim  zone  asembling  that 
around  Tycho.  Consequently  these  craters  perhaps  weie  initially  prodttced  by  an  impact,  but  the 
tlooiS  were  nuxlified  by  volcanic  intnisions  and  etupiions  associated  with  the  vokanism  responsible 
for  the  vast  mare  plains. 

Thus,  all  four  craters  may  have  been  originally  produced  by  a large  impact.  Tlie  different 
appearances  of  their  floors,  however,  reflect  processes  unrelated  to  crater  formation  (with  the 
exception  of  Tycho),  and  the  appearance  of  the  other  crater  zones  helps  to  establish  which  process. 

Craters  thought  fo  have  the  same  origin  also  change  in  appearance  with  crater  size  (fig.  5), 
Recently  formed  craters  believed  to  be  impact  products  exhibit  increasing  complexities  in  the 
morphologies  of  the  Hoor,  walk  and  rim  zones  as  the  crater  size  increases.  The  smallest  craters  (less 
than  I km)  typically  have  blocky  noors,  blocky  walls,  and  block y cjccta.  Differences  in  the  crater 
morphologies  (concentric  plan,  fiat  floor,  convex  fioor)  at  this  scale  generally  refiect  differences  in 
the  competency  of  the  lunar  subsutfaco.  and  these  mor[>hoJogic  differences  have  been  used  to 
estimate  the  depth  of  the  lunar  regolith,  a surface  layer  of  impact-produced  debris  extending  to 
depths  between  6 m and  10  m (see  Obcrbeck  and  CJiiaide,  196T).  Important  exceptions  to  the  rule 
that  well  “presen  ed  craters  exhibit  “crisp**  and  ^ *ocky  appeanmees  are  secondary  craters  which  are 
formed  by  ejecta  thrown  from  a much  larger  impact  criiter  (the  parent  or  primary^  crater).  Secon- 
dary^ craters  typicaHy  are  subdued  in  pearance  and  can  be  mistaken  far  primary^  craters  that  have 
been  smoothed  over  a long  period  of  meteoroid  bombardment. 

The  appearance  of  craters  largeT  than  1 km  are  summarized  in  the  outline  below'. 

I . Craters  between  I km  and  1 5 km  in  diameter  (fig.  5(b)) 

a.  Floor:  smooth-surfaced,  rubbled,  or  textured  (once-moUen  fioors  resembling  that  of 
Tycho)  floors. 


Opposite 

Fi^ife  5 Four  impact  craters  of  different  sizes  hlm^ky  km  diameter  crater 
northeast  of  Flamsteed,  (a):  the  4 km dmmexer  cruter  Misting  C exhibit- 
ing bl(Kks^  inner  rim  <md  hi  ^ mx:ky  hulk  ejecta  dejHmts.  ih}:  the 
^ ij  km-dfamcier  crater  Amtarchu^  which  contains  a once  molten  fl<yor, 
central  peaks,  and  wall  siu  nps  and  which  is  snmnmded  by  flow  units 
j adjacent  to  rirnk  concentnc  fraciumg,  and  dune-like  terrain,  je):  and 
the  rmdtFringed  basin  (the  prrmiment  inner  ring  being  appmximaidr 
4H0  km  in  diameter}.  Oden  fate  (dj  S<dar  diumirmtion  in  (ah  (ej.  and  (dj 
15  froh ' the  right  (emtl  Figure  fb)is  an  oblhpu^  with  the  Sun  to  the 
hwc^ki'f  (east)  Lmar  Orbim  photographs  Ud  77-H2  fa}.  Ufd  IS-M  fh), 
V^20<FM  (c  A and  iV-  (S  7-M  (dj 
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b.  Wall:  talus  extending  from  near  the  rim  crcbt  to  the  noor.  Differences  in  texture^ 
albedo,  and  slope  generally  rdlect  a sorting  of  wall  debris.  Craters  in  this  size  range 
commoniy  show  outcrops  of  strata  on  the  upper  wall- 

c,  Rim:  division  of  the  ejecta  blanket  into  three  relatively  well-defined  regions  with 
increasing  distance  from  the  rim  crest.  Tlie  inner  zone  is  charjclerized  by  blocks  and 
concentric  fractums.  The  middle  zone  exhibits  a hummocky  surface  with  radial  an1 
concentric  patterns.  The  outermost  zone  contains  filamentan^  rays  and  small  secon* 
dar>^  craters. 

2.  Craters  larger  than  1 5 km  in  diameter  (fig.  5(c)) 

a,  Roor:  textured  surface  resembling  once-molten  units  and  exhibiting  small  volcanic 
features.  Typically  (but  nut  always)  craters  of  this  size  contain  central  peaks  in  a 
variety  of  arrangements,  e.g.^,  ridges  and  rings. 

b.  Wall:  extensive  wall  slumps  (sec  fig.  6)  on  which  occur  smooth-surfaced  ''pools*' of 
solidified  melt  and  across  which  are  leveed  channels  from  once-molten  Hows  and 
debris  nows. 

c*  Rim:  division  of  the  ejecta  blanket  into  iha^e  zones  similar  to  (but  more  complex 
than)  those  suTTOunding  craters  in  the  preceding  size  range.  The  inner  zone  exhibits 
remnants  of  flow  melts,  “pools”  of  smooth -surfaced  units,  and  extensive  annular 
fnicturing.  TTie  middle  zone  contains  a subdued  hummocky  topography  with  dune- 
like  features.  The  outermost  zone  displays  numerous  secondaries  with  a charac- 
teristic herringbone  pattern. 

Pristine  (well-preserved)  craters  larger  than  1 20  km  display  similar  features*  However^  above 
this  size  an  inner  ring  of  mountains  may  replace  the  central  peak  complex,  and  the  larger  basins  may 
display  as  many  as  five  concentric  mountainous  rings  (fig.  5(d)),  The  ejecta  blanket  is  very  complex 
and  shows  clear  evidence  for  topographic  control,  thus  implying  material  traveling  close  to  the 
ground  during  deposition.  As  around  smaller  craters,  secondary  craters  are  formed  at  considerable 
distances,  but  their  dimensions  are  as  large  as  25  km. 

The  significance  of  the  transition  in  crater  appearance  is  not  understood.  The  smaller  lunar 
craters  (less  than  I km)  can  be  reproduced  in  the  laboratory  by  high-velocity  impacts  (see  D.  Gault's 
summary),  and  such  simulations  reveal  the  details  of  impact  mechanics.  Lunar  craters  larger  than 
I km,  however,  show  several  departures,  one  of  which  is  the  evidence  for  increasing  amounts  of 
impact-generated  melts  having  been  retained  within  the  crater  or  deposited  on  the  inner  rim.  In  very 
general  terms,  the  problem  is  to  understand  where  and  in  what  proportions  are  the  enormous 
amounts  of  energy  (the  partition  of  energy)  released  during  and  immediately  after  the  impact  by 
large  projectiles. 

Opposite  - 

Fif(^re  6.  FAght-km  diameter  cm/CA  Meisier  B (nh  Marc  FecundUatis 
( AS!  0 29-4253)  and  38  km-diameter  crater^  fb),  on  (he  iumr  fanide 
(AS! 0-28-40! 2}.  Ovters  snudler  ihmt  !S  k*n  in  dkmcier  generaily  lack 
the  wail  dufftp^  that  add  to  the  complexity  of  larger  craters. 
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These  descnplions  apply  only  lo  wdl-pfva'f\cd  craters  that  show  evidence  for  enormous 
amounts  of  energy  release.  Couple  this  variety  with  the  dilTereni  types  and  rates  of  modification 
affeeMni  the  differeiit  crater  zxmes  and  we  can  begin  to  visualize  the  variety  in  lunar  craters. 

Not  only  do  craters  differ  in  their  niorpliulogy , but  they  also  display  different  amounts  of 
surface  refiectivity  (fig.  Craters  having  the  least  modified  surface  features  typically  exhibit  bright 
filamentary  rays  extending  across  the  Moon  (fig.  7(aO.  Such  rays  correspond  to  impacts  by  ballistic 
ejecta  (at  velocities  less  than  2.4  km  sec,  the  lunar  escape  velocity  K and  the  high  reflectivity  is 
attnhuted  to  both  materiai  thrown  from  the  primary'  crater  (secondary  ejecta)  and  local  material 
thrown  from  the  impacting  secondary  ejecta  (tertiary'  ejecta).  With  time,  these  craters  lose  their 
high  refiectivity  and  contrast  with  the  surrounding  terrain,  thus,  the  loss  of  these  bright  rays 
might  be  important  indicators  of  crater  age.  But  the  use  of  ray  darkening  is  not  entirely  reliable;  in 
particular,  figure  7(b)  shows  a recently  formed  crater  with  dark  rays. 

Numeroiis  craters  having  bnglit  ray  systems  exhibit  a dark  halo,  which  generally  corresponds 
to  the  hummocky  annulus  (middle  zone)  of  bulk  ejecta  deposits.  Dark  haJoes  also  occur  around 
circuh^r  ami  meguiar  craters  believed  to  represent  volcanic  vents  - the  dark  haJo  corresponding  to 
rdatwely  low-velocity  mafic  ejecta  (around  0,05  km/sec  — much  lower  than  secondary  ejecta  froin 
hypervelocity  impacts).  The  detection  of  such  reflectance  contrasts  is  strongly  dependent  on  the 
local  eievation  of  the  sun  above  the  horizon  (sec  fig>  8). 

The  important  epochs  of  volcanlsm  repa'sented  by  the  mare  basalts  also  resulted  in  endogenic 
(internally  produced i craterforms.  The  term  "‘craterform"  is  used  as  an  all-inclusive  category  that 
includes  impact  craters,  calderas,  collapse  pits,  and  maars.  The  identification  of  endogenic  crater- 
forms  IS  not  as  straightforward  as  it  migiit  seem,  AlthougJi  crater  circularity  is  a tiserul  index, 
volcanic  craters  less  than  5 km  in  diameter  can  be  as  circular  in  plan  as  an  in-pact  crater.  In  fact, 
several  Martian  summit  calderas,  one  as  large  as  1 20  km  in  diameter,  exhibits  a circulariri  greater 
than  many  lunar  impact  craters.  The  crater  rim  profile  is  also  a useful  index,  but  terres.aal  maar 
explosions  can  show*  a very  marked  Resemblance  lo  impact  craiers.  Morphologic  criteria,  for 
example  the  appearance  of  the  ejecta  blanket,  can  be  used  to  distinguish  between  craters  ejecting 
high-vetocity  projectiles  (impact  craters)  or  low-velocity  projectiles  (volcanic  craters).  However,  the 
gradual  degradation  of  surface  features  over  long  periods  of  time  can  mask  such  differences. 


Opposite  - 

Figure  7,  - Oaters  wilh  eieim  facies  of  different  albedos,  Tht  2 kmbiight-rayed 
crater  in  (afis  on  the  rim  of  the  emter  Chaplygin:  note  the  hwe^lbedo 
bl(Kk}  halo  around  the  inner  rim  (ASl(y33-486St-  contrast,  the  crater 
Df{mysius^  (bi,  which  b !Skm  in  diirnefrr.  is  surrounded  by  a bright 
inner  hah  but  exhibit  a dark  ray  tysfem.  The  crater  in  fc)  (2  km  in 
diameter)  displu}’S  a diffuse,  bright  halo  -*  probably  the  restilt  of  mass 
movement  destroying  a once  filamentary^  bright  ray  system  {LO-  V-9S-M}. 
The  dark-kaioed  cm  f era  in  (dj  ffremeier  width  1 2 km ) probably  repre- 
sent impacts  that  excavated  dark  mare  basalts  beneath  a brighter  layer  of 
secondary*  ejecta  dcp^mts  (l.OlV-f95-lf2j 
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Opposite  - 

/%1/n.-  f.-  Four  Earth-bssed  telescopic  views  of  the  crater  Copernicus  (also  see 
fig.  10}  under  different  angles  of  sokr  UfuminaTions:  ■f',  10°,  24°,  and 
90°.  in  {a},  (b},  fc),  (d),  respetdvefy.  Whereas  surface  detail  is  tost  with 
increasing  illumination  arches,  subtle  albedo  contrasts  are  enhanced  (d). 
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Perhaps  one  of  the  most  reliable  criteria  is  the  association  of  the  crater  with  other  endogenic 
features,  such  as  the  crater  Hyginus  with  the  Hyginus  RiUe  (fig,  9(a)).  In  this  example  the  scalloped 
crater  Hyginus  occurs  at  the  intersection  of  two  rilles,  i,c,,  linear  depressions,  that  are  believed  to  be 
grabens.  Volcanic  activity  at  the  intersection  of  two  structural  trends  is  a common  occurrence  on 
the  Earth,  In  addition,  a chain  of  craterfonns  follows  the  rille  plan  (see  fig.  9(a))  with  such  precision 
that  an  origin  by  volcanic  processes  is  much  more  reasonable  than  an  origin  by  fortuitously  placed 
impacts.  Other  probable  endogenic  eraterforms  are  shown  in  figures  9(b),  (c),  and  (d). 

Two  important  points  should  be  made  about  the  identification  of  volcanic  craters.  The  isola- 
tion of  individual  crater  members  from  the  crater  chain  along  the  Hy^^mus  Rille  would  leave  the 
craters  indistinguishable  from  many  other  lunar  craters,  generally  interpTeled  as  impact  produced. 
Second,  the  volcanic  origin  of  a lunar  crater  can  be  readily  confused  with  the  volcanic  modification 
of  a pre-existing  impact  structure. 

Before  leaving  the  topic  of  craters,  we  should  reexamine  the  appearance  of  two  different 
craters,  Copernicus  and  Gassendi,  with  the  floor,  wall,  and  rim  zones  reunited  (figs.  10,  11^ 
and  12).  These  illustrations  also  permit  comparison  of  the  effects  of  photographic  scale  through 
nested  photographs,  and  they  reveal  relative  surface  relief  through  the  use  of  stereo  pairs.  Figure  1 1 
shows  an  oblique  view  of  Copernicus  in  order  to  provide  perspective  of  true  surface  relief. 

Opposite  - 

Figure  9.  - Endogenic  cmtcrformL  The  irregukr  crater  Hyginus,  fa},  occurs  near 
the  intersection  of  two  riUes  (grabens)  and  is  surroundea  by  mottled 
low-a^.hedo  deposits.  Orcular  craters,  which  probably  were  volcanic 
vents,  follow  the  northwestern  branch  of  the  rille  (bottom  of  photo). 

The  center  width  of  (a)  corresponds  to  approximately  45  km  and  illumb 
nation  is  from  the  top  (LO-V-9S-M). 

Elongate  eraterforms  in  fb)  (LO-VdS2-M)  occur  in  a chain  along 
an  extension  of  a wrinkle  ridge  (beyond  photo  at  bottom),  and  remnants 
of  this  ridge  may  correspond  to  the  large  rims  associated  with  several 
eraterforms  in  the  chain.  Their  relation  to  ..tccrescenrshaped  depression 
(top)  and  rille  segments  extending  from  this  depression  suggests  the 
analogy  with  a partly  collapsed  lava  tube.  It  is  also  plausible,  however, 
that  the  eraterforms  were  separate  volcanic  vents.  The  width  of  (b)  corre- 
sponds to  30  km  and  Ulumination  is  from  (he  east  (ri^i). 

Three  volcanic  crat'^rforms  are  illustrated  in  (c)  (LO-IVd 5B-H I ). 

J^ost  noticeable  is  the  high-rimmed  crater  doublet,  interpreted  as  a pair 
of  volcanic  cones.  The  elongate  axis  of  this  structure  aligns  vihth  the 
trend  of  the  rille  flower  left).  Two  other  eraterforms,  above  and  below 
the  doublet  cone,  probably  were  also  cones  but  have  been  inundated  by 
mare  units.  Vie  width  of  (c)  corresponds  to  SO  km:  illumination  is  from 
the  east  (right). 

^ade-shtgyed  and  elongate  eraterforms  in  (d)  (LO-Vd37-M)may 
represent  small  calderas  on  the  mare.  Note  the  apprmimale  alignment  of 
the  elongate  cruterform  with  the  linear  extenshns  from  the  adjacent 
craterform.  The  width  of  (d)  corresponds  to  13  km;  illumination  is  from 
the  east  (top). 
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Opposite  - 

Figure  to.-  The  crater  Copernicus  at  increasing  resolutions.  At  the  lowest  reso- 
lution, (a)  imdth  of  photograph  corresponding  to  770  km),  the  bright 
filamentary  ray  system  is  clearly  revealed.  Compare  th^  Lunar  Orbit er 
photograph  (LO-iV-I26-M)  to  the  Earth-based  tekscopw  views  in 
figure  8. 

In  (b)  {LO-lV-l2i-H2f  the  three  primary  zones  of  ejecta  facies 
characteristic  of  large  lunar  impact  craters  - are  s^row^i;  inner  zone 
adjacent  to  the  rim  crest  with  annular  fractures  and  flows  of  once-molien 
material:  surrounding  annulus  of  subdued,  hummocky  ejecta  deposits: 
zone  extending  from  preceding  annulus  with  chains  and  clusten  of 
herringbone-shaped  secondary  craters.  The  width  of  this  photograph 
corresponds  w 200  hn  . 

The  stereo  pair,  (ejand  (dj,  shows  at  still  higher  resolu  tion  (verti- 
cal photo  dimension,  37km)  the  central  ridge  complex  and  the  two 
contrasting  floor  imits:  the  complex  hdlocky  unit  (above  and  to  the  right 
of  the  central  peaks)  and  the  plains  unit  (left  of  the  central  peaks) 
exhibiting  rimless  pits,  volcanic  cones,  and  fissum.  Whereas  (a)  and  (b) 
arc  oriented  with  solar  illummatton  from  the  right  (easth  (c)  and  (dj 
(LOV-I34-M  and  LO  V-132-M,  respectively)  are  ariented  with  illumina- 
tion from  the  top  (east).  Compare  these  views  with  the  oblittue  vkw  in 
figtre  1 1 in  order  to  appreciate  true  surface  relief 
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Opposite  - 

Hfure  Obii^ue  view  of  Copmtkm  from  Apolio  12  ( AS i 2-52-7742}.  This 
view  is  from  the  south  of  96  km.^mmeter  cmier  Copemkus  and  iiimirates 
the  exuggemtkm  of  depth  from  vertkd  views  with  rektivefy  low  sokr 
iiiumimtion  fflg.  iO}.  The  floor  is  abmi  t 4J  km  below  the  rim  crest,  and 
the  peaks  a^e  abmt  3J  kn  below  ike  rim  crest 
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Opposite  - 

jFigure  12,-  The  crater  Gassendi  at  increasing  rest  yht  dons.  In  con  trust  to 
Copemieus,  Gassendi  has  a shadow,  fraewred  fltxfr  f 1,3  km  beneath  the 

rim  f central  peaks  typically  03  km  behw^  the  rim,  and  a ptyoHy  pre- 

served  tiecm  bhiftker.  It  is  the  northern  border  of  Mare  HumoKwi  fjj, 
which  is  an  aid,  niasre- filled,  ringed  basin  bordered  on  jhe  right  (east  i by 
concentric  gmbem.  Two  other  craters  mth  shallow  fracnired  floors 
occur  on  the  sou  them  mare  "Viore.'"  The  width  of  (a)  fL0-lV-l4J-Mi 
correspf>nds  to  770  km. 

At  higher  resolution  in  fb)  fL(fiV-l43dl2b  the  floor  frectures 
are  mr^re  promment.  In  addition,  the  sou  iherji  (bottom  portion  f floi^r  of 
Gassendi  exhibits  a depression  adjacent  to  the  wad f rim  that  has  been 
partly  fiikd  with  more  units  extruded  through  vents  on  the  crater  floor 
Compare  the  rtdgelike  wail/hm  to  the  southeast  with  the  subdued 
dumped  wall  and  raised  rim  to  the  m}rthwe$t.  The  width  of  fh}  corre- 
sp<?nds  to  210  km. 

The  stereo  pair,,  (c)  and  fd}  (0>V-179’M  a/id  tO~Vd?S'M, 
respeetiveiy},  shows  a portion  of  the  floor  leest  of  the  central  peaks. 
Whereas  (aj  and  (bj  have  the  solar  illuminaTion  from  the  right  feast},  fc} 
and  (d)  have  been  reoriented  with  iliummatiryn  from  the  top  (east).  The 
floor  (^th^ars  subdued  but  relatively  wjl-defined  scarps  bordering  art 
irregular  depression  can  be  identified  beneath  the  peak  Nate  the  ridge - 
tike  rim  along  the  fracture  paralleling  (left  to  right)  the  wall  of  Gassendi, 
(ktssendi  probably  represents  an  old  impact  crater  in  which  the  floor 
raised  by  igneous  intrusions  associated  with  the  eptx^fn  of  mare  flot^ing 
of  Mare  / fu mom m . 
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HI.  lOSmVE  RtUFF  FEATURES 

?osiffve-rt^Fef  features  include  pbieaiis.  domes,  cones,  ridges,  and  massifs.  Lunar  plateaus  are 
inie  ireted  as  either  consmiclionaJ  features  or  rehet  adief  features,  Cunstniclional  processes 
h:l  de  igneous  extrusions  and  structural  uplift.  Relict  relief  plateaus  are  the  result  of  the  inunda- 
t by  plains  units,  sucii  as  the  maria,  that  isolated  pre-existing  sinjctures  from  surrounding  terrain 
a-3^  left  them  in  relief.  Tfieirnd/e/is  not  necessarily  the  result  of  a process  related  to  mare  flooding, 
m ' their  mor^ihologic  hmn  is  the  result  (or  at  least  is  enhanced)  by  the  isolation  caused  by  the 
er, compassing  mare  basalts.  However,  several  plateaus  on  the  maria  and  on  crater  tloors  appear  to 
r/‘f  es<.mt  both  flat-topped  lava  cnists  and  terraced  pre-existing  features  left  in  relief  by  the  removal 
c f lava. 

Figure  13(a)  shows  a pinivtiu  with  a polygonal  plan,  which  suggests  a stnictural  origin.  The 
p|j  rau  occurs  near  the  edge  of  Maa'  Fccunditatis  but  is  isolated  from  the  mare  border  by  encom- 
y±  ing  mare  units.  U is  probably  a remnant  of  the  highland  border  and  obtained  its  relief,  at  least  in 
p u , by  collapse  of  the  surrounding  terrain  during  mare  flooding, 

D(^ffws  comprise  a broad  class  of  surface  features  and  also  can  be  viewed  as  constructional  or 
reiic“  relief  fonns.  Figure  13(b)  illustrates  a duster  of  low-relief  domes  with  summit  pits,  which  are 
interpi'eted  as  small  shield  volcanoes  with  summit  calderas.  In  contrast,  figures  13(c)  and  (d)show 
(ir:  stereo)  a pair  of  high-relief  textua^d  domes  that  overlap  the  relatively  smooth-surfaced  highland 
ten-ain  but  has  been  encroached  by  the  marc  units.  The  domes  in  figure  13(b)  and  those  in 
nfior^:s  13(c)  and(d)  probably  represent  two  different  constructional  processes  which  are  common 
,0  tcirestrial  volcanic  domes:  domes  created  by  external  growih,  i.e.,  by  successive  eruptions  of 
low-viscosity  lavas  (shields),  and  domes  created  by  internal  growth,  i,e„  eruptions  of  high-viscosity 
‘xtmsions  and  built-up  from  within. 


Opposite  - 

Figure  Isolated  pasi  tire-relief  features^  Plofcttus  with  poly goftal  plans  sre 
i/j  (a)  These  si niv tyres  are  beiteved  to  be  remnants  of 

a plasm  iwii.  Collapse  of  mmmndtng  terram  (and  uplift  of  mrmmr 
blocks)  with  sisbseonent  encroiKhment  by  lava  (the  marc } prodticed  ihe 
relief  Hhsmittation  is  fr<nn  the  tt?p  (east)  and  the  mdth  of  the  photo- 
pTkph  corresponds  to  IS  km. 

Lrm-rviivf  domes  with  summit  pits  in  (hj  (LO-lV^lJS-Ifl ) are 
interpreted  as  small  shields  formed  by  suceesshT  er^tptiom  of  hw- 
viscosity  lavas.  Also  note  the  voleank'  ridge  m the  upper  right,  ^he  solar 
dhiminarion  is  from  the  top  (east)  and  the  width  of  the  figure  corrc' 
iponds  to  42  km  . 

Uigh-rdief  (1.7  km  above  the  mareh  textured  dofnes  in  (c)  and 
'dt  {V-183-M  and  V-182-M,  fespccriveiv^  suggest  the  analog}^  with  ter- 
restrial lai^a  domes,  which  are  plumed  by  successive  hi  tempi  buHd-ttps 
of  viscous  lavas.  7}us  sterert  also  reveals  a simuMts  rille  exTcndmg 
from  an  elongate  pit  fern  ter).  The  ilhtniination  is  from  the  top  feast  )md 
the  photo  length  conespofuh  to  b2  km. 
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In  Liddition*  we  find  low-relief  domes  called  nuwiclon  domes  that  lack  sunimjl  pits  and  exliibit 
an  extensively  WTinkled  suiface  texture,  which  is  thought  to  be  the  result  of  slow  muss  movement  of 
part icu late  debris,  Murnelon  domes  arc  verv'  coniinon  structures  in  the  "shallow”  regions  of  the 
maria,  and  many  appear  to  be  relicts  of  pa*-c'\istin2  topography  that  were  not  completely  covered 
by  the  marc  basalts* 

Volcanic  tones  also  occur  in  the  shallow  regions  of  mare  fiooding  (see  fig*  ^fcM,  In  contrast  to 
mamelon  domes,  which  generally  exhibit  a higiier  renectance  f albedo)  than  the  surrounding  maria, 
the  surface  albedo  of  volcanic  cones  maiclies  or  is  slightly  lower  than  the  surrounding  maria*  But 
not  all  cones  have  a low  reficctance:  for  example,  the  cones  on  the  lloor  of  the  crater  Copemicus 
match  its  relatively  high-albedo  floor*  Because  of  the  low^  lunar  gravity,  the  construction  of  thick 
riJTi  deposits  clo^'  to  a vent,  which  results  in  a cone,  requires  both  low -velocity  ejecta  and  angles  of 
ejection  that  depart  very'  tittle  from  the  vertical*  Where  these  conditions  are  not  met,  the  classical 
cone  profQe  and  summit  crater  may  reduce  to  a crater  surrounded  by  a low-relief  rim  (Wright  vt  al., 
1963:  McGctciiin  and  Head,  1973),  Consi-'quenily*  large  lunar  cones  probably  represent  relatively 
meager  "b  t gasps”  of  local  volcanism,  although  by  no  means  the  last  volcanic  event* 

Lunar  ridges  result  from  a variety  of  processes.  Figure  14(a)  reveals  the  extensive  “sculpture'’ 
that  radiates  from  the  Imbrium  Basin,  an  enormous  niulti*ringed  crater  partly  inundated  by  mare 
basalts.  This  sculptuR’  is  attributed  to  both  ejecta  deposits  and  an  extensive  system  of  closely 
spaced  horsts  and  grabens*  fn  contrast,  figure  14(b)  reveals  a ridge  that  is  composed  of  individual 
volcanic  cones.  This  volcanic  ridge  is  also  radial  to  the  Imbrium  Basin  and  is  thought  to  reflect 
eruptions  following  a radial  system  of  cnistal  weaknesses  previously  created  by  the  enormous 
Imbrium  impact  event.  Another  type  of  volcanic  ridge  lacks  the  well-defined  summit  vents  but 
exhibits  irregular  borders  and  a low-albedo  halo* 

One  of  the  most  common  types  of  lunar  ridges  is  shown  in  figure  14(c)  and  is  descriptively 
called  a wrinkle  ridge.  These  are  low-relief  structures  (ranging  from  a few  meters  to  a few  hundreds 
of  meters  in  relief)  that  arc  most  obvious  across  the  lunar  maria:  however,  they  also  commonly 
occur  in  the  highlands  (fig.  14(d)),  although  less  readily  identified*  Tlie  surface  of  the  broad  mare 
ridges  resembles  the  adjacent  maria  with  respect  to  crater  densities  and  albedo*  In  profile*  such 
wrinkle  ridges  exhibit  a steep  scarp  on  one  side  and  a more  gradual  slope  on  the  other  side.  The 
scarp  commonly  changes  sides  with  the  gently  sloped  border  along  the  length  of  the  ridge*  In 
addition,  a narrow  ropelike  ridge  generally  accompanies  the  broad  ridge  component  and  crosses 
back  and  forth,  thus  enhancing  the  wrinkle  appearance  (see  fig*  14(c))* 


Opposite  - 

Figure  14.  Differem  lypes  of  lunar  riUgex:  ejecta  ridges  and  horsts  radial  to  the 
fmhnum  basin,  (a)  iASI6-MS47);  voteank  ridge  with  summit  pin.  (b) 
fiV~!33dU),  hr<}ml  mare  wrinkle  ridges  and  narrow  ropdike  wrinkle 
ridges,  fe)  { V-lb  9’Mj:  and  highland  wrinkle  ridge,  fdj  ( lll-U^-Ml  /llumb 
nation  in  (a)  is  from  the  right  {east),  in  (hj  and  (el  from  the  tap  (vast), 
and  in  {dj  from  the  left  feast),  77w  widths  of  fb)  and  (c)  correspond  to 
26  km  and  4!  km,  respeenvdy.  The  oblique  view  (a)  shows  the  flat- 
fl(,yorvd  crater  ( fop  center)  Rammahon,  approximately  70  km  in 
diameter.  The  oblique  v'jriv  (d)  shows  a small,  crisp  crater  at  center 
right  that  is  approximately  0,2  km  in  diameter. 
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Tlie  icrm  "‘wrinkk  ndgc"’  is  usually  applied  lo  a host  of  different  ridges  which  actually  have 
subtle  differences  in  morphology.  As  a result  there  are  different  origins.  Many  appear  to  be  folds 
and  surfaces  elevated  by  low^ngle  thrust  faulting  that  were  produced  by  compressionaJ  stresses 
created  by  subsidence  of  the  maria:  however*  the  fact  that  not  all  ridges  arc  restricted  to  the  mana 
also  indicates  large-scale  cnistal  tectonism.  The  association  of  other  ridges  with  endogenic  craters 
(fig.  9(b)>  and  sinuous  riJles  {fig/  1 5)  suggests  a genetic  relation  to  volcanic  intrusions;  however,  it  is 
uncertain  whether  the  ridges  are  products  of  iidrusions  (intntsive  uplift  or  limited  extrusions)  or 
refiect  cmstal  weaknesses  that  localized  these  inlrasions, 

The  last  type  of  positive-relief  feature  to  be  discussed  is  the  lunar  massif.  Lunar  massifs  are 
large  mountainous  structures  which,  in  most  cascs^  appear  to  be  remnants  of  one  of  the  rings 
siuTDunding  a targe  impact  basin  (see  figS-  16(a)  and  (b)).  Where  these  n;assifs  are  surrounded  by 
marc  units,  they  become  prominent  ''peaks,'’  particularly  under  low^  solar  illumination  (fig,  16(c)). 
Where  they  occur  in  the  hummocky  lunar  highlands,  this  exaggeration  is  lost  (fig.  16(d)),  Most 
massifs  exhibit  relatively  gentle  slopes  (less  than  30^ >,  they  lack  the  precipitous  scarps  suggested 
by  low  saiar-illumination- 


IV.  NEGATIVE -RELIEF  FEATURES 

NegaUvc-relkT  features  include  rilles  and  uiv^ular  depressions.  Prior  to  the  availability  of 
higli  resolution  photographs,  the  term  "rille"  described  any  linear  dt,  ,ession  without  connotation 
of  origin,  Rilles  arc  classified  by  their  shape  in  plan  (straiglit,  arcuate,  rectilinear,  and  sinuous)  and 
profile  {V-shaped,  U-shaped,  and  nat-noored).  These  geometric  parameters  help  in  the  recognition 
of  rille  origin  although  by  themselves  they  are  not  reliable  diagnostic  criteria. 

Straighi  and  arcuare  rilies  extend  ovei  large  distances  fhnndreds  of  kilometers)  and  typically 
cross  a variety  of  different  lunar  terrains.  Such  disregard  for  topography  strongly  suggests  a struc- 
tural origin.  In  fact,  where  these  rilles  cross  topographic  highs,  they  typically  widen  (fig.  17(a))  - as 
expected  for  grabens  with  in w^ard -dipping  boundary  faults  (see  McGilL  1971), 

Many  arcuate  rilles  are  members  of  larger  rille  systems.  Several  systems  encircie  mare-filled 
basins,  and  Baldwin  (1963)  su^ested  that  this  association  indicated  peripheral  tensior.al  stresses 
which  were  produced  by  gravitative  subsidence*  of  the  maria.  The  existence  of  mass  concentrations 
(mascons)  associated  with  the  maria,  however,  indicates  that  this  crustal  adjustment  remains  incom- 
plete. Perhaps  the  most  impressive  system  of  concentric  grabens  borders  eastern  Mare  Humontm 
(fig.  12(a)),  In  contrast,  western  Mare  Humorum  exhibits  a system  of  paraMe!  grabens  trending  NE, 
and  such  asymmetry  illustrates  the  complexity  of  the  lunar  crust. 

The  different  profiles  of  arcuate  rilles  generally  reflect  different  initial  widths  or  different 
degrees  of  modification  (see  fig.  1 7(b)),  For  example,  a narrow  V-shaped  rille  probably  represents  a 
graben  or  fault  zone  in  which  the  facing  wall  talus  meet.  A fiat-floored  rille  could  indicate  either 
tm  hhc  subsidence  of  the  floor  or  filling  of  a V-shaped  rille  by  iava  or  debris. 

Ri'ctiimear  rilles  (fig.  17(c))  clearly  expose  the  stnictural  influence  on  their  fonnation.  Note 
that  the  strung  evidence  for  structural  Influence  docs  not  necessarily  imply  structural  origin.  For 
examples  numerous  terrestria!  rivers  trace  fault  systems  and  produce  a rectilinear  plan  or  trellis 
drainage  patterns.  The  probable  absence  of  flowing  water  on  the  Moon  during  its  history^  might 
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Opposite  — 

Figure  Massifs  a^it>daicd  mih:  the  'AfeU-preserved  Orivmale  Bimn,  (al;  the 
degraded  Humboldtianum  Basiih  (b):  a poorly  recognized  basin  of 
Copemiais}  inundated  by  Imbrium  ejecta  and  mare  units^  (c):  and  an 
enormms^  ancient  basin  on  the  himr  fanidc,  (d).  noted  by  Schultz 
(19721  The  prominent  outer  nng  of  Orientale  (L<FfVd$2%\f)  is 
approximately  9J0  km  in  diameter;  that  of  Humboldtianum 
fiaiFlS2^Af)  is  600  km.  The  width  offc;(Layd64^M)  h 29  km  with 
iiiummaikm  from  the  top  (emt):  the  width  of  fd)  fL()~l-l28-Mj  is 
280  km  with  iliumination  from  the  right  (west  j 


Opposite  - 

Hprre  17.-  Imm^  riiie;  : 4 tn-wide  graben,  Rima  Bond  4 with  m en  echelon 
offset^  (a!  iAS'i(h3!-4645):  bmnchmg  rilk  with  U-sh^p^  md  flat- 
floored  profik,  fh/  (ASI5-iI7!0-iI):  rectiUnear  riUe  that  dmokm  into 
crater  chain  at  one  end  and  dmokes  into  a vokank  com  (2J  km  in 
diameter}  at  the  other  end,  (c)  (ASn-42*6S09):  rectilinear  and  $imoi4$ 
riiies  in  the  Harbinger  Mmntam  fmnd  in  northwestern  Mare  hnbrium, 
id)  (LChVH9I  M).  7he  width  of  (b)  corresponds  to  IS  km:  fdf  to 
50  km. 
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liegate  a companibU*  origin  for  limar  a'ctiSineiir  ritics.  However,  terrestrial  lava  channels  ami  tubes 
also  have  been  observed  to  follo%v  enistal  weaknesses*  Most  lunar  rectilinear  rilles,  particularly 
highland  rilks,  are  probably  emstai  fmctUR*s,  but  several  examples  found  on  the  lunar  maria  appear 
to  correspond  to  stnicturally  controlled  channels  which  once  contained  flows  of  lava  (fig*  1 7(d)). 

The  preceding  discussion  leads  to  the  entginatie  sitwt:us  nltcs,  i.e.,  rilles  that  exhibit  frequent 
curvilinear  changes  in  plan.  Sinuosity  ranges  from  only  a few  curvilinear  krnks  with  large  radii  of 
curv^ature  to  the  highly  sinuous  “tneandefing"  inner  riile  of  Schroier’s  Valley  (fig.  18),  Sinuous  rilles 
generally  occur  on  the  maria  and  e,xhibit  a "head”  crater  or  rimless  elongate  depression  that  is 
found*  in  most  cases,  at  the  higltesl  elevation  with  respect  to  the  rest  of  the  riile.  In  addition,  they 
typically  lack  the  en  et  hehn  offsets  that  characterize  stmclu rally  fonned  arcuate  rilles,  although  a 
few  rilles  dissolve  into  crater  chains. 

These  user  .-tions  support  interpretations  that  sinuous  rilles  represent  ancient  lava  channels 
(Strom,  1^06)  or  collapsed  lava  tubes  (Grceley,  1971).  Several  features  characteristic  of  sinuous 
rilles,  however,  have  prompted  debate  lunar  sinuous  rilles  extend  over  enormous  distances  (as 
long  as  300  km),  in  contrast  to  terrestrial  examples  (typically  less  than  5 km).  Second,  smuosity 
of  several  rilles  is  almost  comparable  to  meandering  terrestrial  rivers*  Third,  several  sinuous  rilles 
occur,  at  least  in  part,  within  the  iunar  highlands.  These  potential  objections  to  the  analogy*  with 
Terrestrial  tubes  or  channels  could  reflect  our  lark  of  knowledge  about  the  volume  oflava  erupted 
during  the  emplacement  of  the  maria.  The  sinuority  probably  reflects  lava  viscosity,  wliich  perhaps 
was  as  fluid  as  glycerin  owing  to  the  high  metal  content  (Murase  and  McBimey,  1970),  Tlius  an 
understanding  of  these  itmetURS  will  be  important  for  an  understanding  of  the  period  of  voicanism 
which  produced  the  maria* 

frreguldf  ferrijeed  depr*^ssions  an?  the  a'sult  of  stnicUtral  collap^  (fig.  19(a))  or  are  remnants 
of  the  marc-nouding  epoch  (fig.  19(b)).  Terraces  surrounding  mare  units  are  common  within  closed 
depretiji^ons,  such  as  craten  (ftg.  20(b))^  but  also  occur  in  the  maria  (fig.  20(c))*  The  terraces  reflect 
pmvious  levels  oi  once^nollen  mare  units*  which  suba^quently  subsided  through  either  a volume 
change  of  the  lava  (devolatization)  or  drainage  (back  into  the  original  vent  or  to  an  adjacent 
topographic  low).  Hven  tlie  enormous  Marc  Imbrium  is  bordered  at  several  locations  by  broad 
te Traces  ( fig.  2Ch  d V ) . 


Opposite  - 

Hgiitf  /R  Three  vivw^of  Si'hri^t0f's  Valley:  ^tefco  pair,  (a)  ( LO^V^2l)4-Mj  tifitl 
fh}(f.O'V-2t}2-MK  shoe  ing  r/te  "licad  crater  called  the  "Cobra  Ikad  a 
closer  view  of  meandering  inner  riile , {ci  f b(}^V-2i)2*M f.  at\d a high- 
re^ohuion  photograph  of  a '"meander  cutoff " partly  encroached  hv  mH 
tains  of  the  contaming  yallcy.  {d}  (L  (>  V-20d-/id  I The  framekr  widths  in 
(aj,  {bk  and  (c)  are  4J  km.  :hv  framekt  width  of  id)  is  (K5S  km.  Vlmni- 
mtion  is  from  the  top  (east 
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Figure  19.--  Reciilmew  md  irregukr  depressions.  The  reeUUmar  depression  in 
fa}  flMVd95-Hi } oeam  <m  ihe  souihem  edge  of  ike  interior  Mare 
(Mentaie  pkim.  The  irregukr  depressions  in  ft}  (LOiV-i6!-H2}  are 
fmnd  in  highland  ierrain  and  are  teiieved  to  represent  receded  lam 
(mare)  lakes.  The  width  of  fa)  corresponds  to  216  km;  and  that  of  (b)^  to 
55  km.  Mumination  in  both  is  from  ike  tap  (east). 
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Opposite  - 

Fipire  20,-  Terraced  depressions  on  the  Earth  (a)  and  on  the  Moon  (b),  (c), 
and  {d}.  Tercets  fa)  border  the  basaltk  floor  of  KUaueadki  crater,  a 
1,6  kmX  Q,8  km  pit  adjacem  to  Kitauea  caldera,  Hawaii.  The  lunar 
crater  fb)  (ASI 2-^2-7746 1 is  J9  km  in  diameter  and  aiso 

exhibits  terraces  along  the  wdl  and  around  insular  hills  on  its  marelike 
floor,  Kun&wskr  is  thought  to  be  a volcankalty  mtxHfled  impact  crater 
which  was  formed  prior  to  the  last  stages  of  mare  flooding^  The  narrow 
terraces  probably  reflect  previous  lex-eh  of  the  mare  basalts,  x^tich 
towered  perhaps  as  a result  of  davoiatizmion.  The  irregular  depressions 
and  temtees  in  fc)  fi.O-V-209-M)  occur  west  of  the  Aristarchus  bateau 
in  Oceanus  Fmcellarum  and  may  be  the  result  of  either  devohtization  of 
the  mare  basaits  during  cooling  or  drainage  of  the  lava.  The  width  of  this 
illustration  corresponds  to  24  krm  Otx  a larger  setde^  the  terraces  in  id} 
iLO~V-l29-M}  border  northern  Mare  Jmhrit  m {width  of  the  photograph 
corresponds  to  S4  km}. 
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V.  CONCLUSIONS 


This  very  brief  summary  of  lunar  surface  features  should  dispel  the  concept  that  the  Moon  is  a 
simple  planetary  body  because  it  is  subject  to  relatively  few  surface  processes.  Perhaps  the  Moon's 
history  is  simple  relative  to  the  Earth’s  history,  but  in  contrast  to  the  Earth,  the  lunar  surface  has 
been  well  preserved  for  at  least  4 billion  years.  Since  that  time,  the  results  of  both  endogenic  and 
exogenic  processes  have  remained  exposed. 

The  Apollo  missions  have  returned  invaluable  samples  of  the  lunar  crust,  but  these  samples 
generaUy  apply  to  restricted  regions,  with  the  exception  of  locally  foreign  materials  heaved  from 
distant  impact  events.  It  is  unreasonable  to  interpret  findings  from  returned  samples  as  strict 
constraints  for  ^he  formation  of  surface  features  outside  their  geologic  setting;  it  is  also  unreasonable 
to  require  terrestrial  analogs  for  all  surface  features.  This  reminder  is  necessary  because  without 
manned  landings  in  the  near  future,  selenology  based  on  photo-interpretation  will  become  a funda- 
mental approach  for  disclosing  lunar  geologic  history. 
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IMPACT  CRATERING 
Donald  E.  Gault 

Ames  Research  Center,  NASA,  Moffett  Field,  Calif.  94035 


1.  INTRODUCTION 


Previous  discussions  consider  the  source  and  condensation  of  the  primative  solar  nebula,  the 
significance  to  the  lunar  and  planetary  bodies  of  the  meteorites  as  samples  of  the  primative  con- 
densates, and  a selenographic  introduciion  to  the  major  physiographic  provinces  ana  morphologic 
features  of  the  Moon.  This  presentation  illustrates  that  commencing  in  time  from  the  initial  stages 
of  the  condensation  of  solids  from  the  solar  nebula  and  their  subsequent  accretion  into  planetary 
objects,  collisions  between  the  condensates  have  played  a primary  role  in  planetary  evolution  in 
general  and  for  the  Moon  in  particular.  Principal  emphasis  is  focused  on  collisions  in  an  excavation 
mode;  i.e.,  impact  cratering  which  represents  a geologic  agent  for  1)  m^jor  landforms  and  strati- 
graphic units:  2)  metamorphism;  3)  comminution;  4)  erosion,  transport,  and  sedimentation;  and 
5)  formation  and  mbcing  of  the  lunar  regolith. 

Because  an  appreciation  of  the  physics  of  stress  waves  and  cratering  mechanics  is  essential  to 
understanding  of  impact  processes  as  a geologic  agent,  some  basic  properties  of  stress  waves  with 
specific  applications  to  geologic  aspects  and  to  cratering  mechanics  are  treated  in  the  first  two 
sections.  Parameters  affecting  crater  size,  shape,  and  structure  are  considered  next,  followed  with 
examples  from  laboratory  impact  experiments  and  lunar  and  tenestrial  crater  forms.  Lunar  crater- 
ing is  then  considered  starting  from  an  evaluation  of  sources  for  the  impacting  bodies  and  particles, 
and  leading  into  the  subject  of  the  long  term  (geologic)  effects  of  impact  cratering.  Finally,  the 
importance  of  the  historical  record  of  cratering  appearing  on  the  lunar  surface  is  reviewed  in  regard 
to  the  implications  to  the  evolution  of  the  planets  and  the  early  history  of  the  solar  system. 

The  metric  system  wfll  be  used  throughout  this  presentation;  terminology  and  symbol  notation 
are  given  in  appendix  A. 


II.  MECHANICS 


A.  Stress  Waves 

Impact  of  meteoroids  (projectiles)  against  the  lunar  or  a planetary  surface  (target)  is 
fundamentally  a process  of  an  abrupt,  almost  instantaneous,  mechanical  deformation  (shock  com- 
pression), which  is  subsequently  followed  by  a more  gradual  restoration  (rarefaction)  to  ambient 
conditions.  Figure  1 illustrates  schematically  a shock  wave  moving  with  a velocity  U througii  a 
stationary  substance  producing  an  abrupt  increase  in  pressure  from  Pq  to  p with  a consequent 
change  in  the  specific  volume  and  specific  internal  energy  from  v^  to  v and  to  E,  respectively. 
Note  that  passage  of  the  shock  wave  accelerates  the  compressed  substance  relative  to  the  uncom- 
pressed substance  to  a particle  velocity  u.  The  compression  phase  is  described  mathematically  by 
the  classic  Rankine-Hugoniot  (R.H.)  equations  which  result  from  applying  the  laws  of  conservation 
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of  mass,  momentum,  and  energy  across  the 
shock  wave.  The  R.H.  equations  are 

U/Vq  = (U-u)/v 

P-Po  = “U/vq 

E-Eq  = ^(p-Po)(v^,-v)  = 

DISTANCE ► The  specific  volume  and  pressure  p^  of 

the  uncompressed  substance  are  known  so 

Figure  1.  - Schematic  of  shock  wave.  that  the  R.H.  relationships  provide  only  three 

equations  with  four  unknowns,  p,  v,  u,  and  U. 
A solution  requires,  in  principle,  a thermodynamic  equation  of  state,  which  is  beyond  the  scope  of 
this  discussion.  Fortunately  experiments  over  a wide  range  of  pressures  have  revealed  that 

U = a + bu 

with,  a and  b constants  so  that  solutions  to  the  R.H.  expressions  are  readily  made.  Figure  2 
presents  the  so-called  Hugoniot  curve  (solid  line)  which  describes  in  the  p - v plane  the  locus  of 

points  a material  experiences  due  to  a shock  compression. 
The  area  in  the  rectangle  1-234  represents  the  total  work 
done  (energy  expended)  on  tht  substance  by  the  shock  com- 
pression. The  equal  areas  in  the  two  triangles  represents  the 
work  done  in  compression  as  1)  an  increase  in  specific  inter- 
nal energy,  and  2)  accelerating  the  compressed  substance  to  a 
specific  kinetic  energy  of  (l/2)u^ . The  dashed  line  is  the  path 
followed  by  the  substance  in  unloading  back  to  ambient  pres- 
sure, assumed  to  be  an  isentropic  process.  The  area  under  the 
dashed  line  is  a representation  of  the  amount  of  useful  work 
the  expansion  (unloading)  of  the  compressed  substance  could 
perform  by  the  expenditure  of  the  original  increase  in  the 
specific  internal  energy.  For  a perfectly  elastic  substance 
triangle  1-34  would  be  exactly  equal  to  the  area  under  the 
unloading  curve.  In  practice  the  area  under  the  unloading 
curve  is  less  than  triangle  1-34  so  that  some  specific  internal 
energy  is  trapped  irreversibly  in  the  substance  after  decom- 
pression; such  energy  appears  as  heat  energy  for  melting  and 
vaporization.  Figure  2 also  demonstrates  that  shock  compres- 
sion to  a higher  pressure  p2  increases  the  difference  between 
the  area  under  the  release  curve  and  the  triangle  1-34  repre- 
senting the  original  increase  in  specific  internal  energy.  Thus, 
shocks  to  higher  pressure  cause  more  energy  to  be  trapped 
Figure  2.  - Stiff  Hugoniot.  irreversibly  and  be  available  for  melting,  etc.  Whereas  figure  2 

describes  conditions  for  a “stiff’  substance  such  as  a basalt  or 
granite,  figure  3 illustrates  the  conditions  for  a “soft”  substance  such  as  quartz  sand,  a crude  model 
for  the  lunar  regolith.  Shocked  to  the  same  pressure  Pi  as  the  “stiff’  substance,  the  “soft” 
substance  will  experience  a greater  amount  of  irreversible  energy.  As  a crude  generalization,  higher 
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pressures  and  lower  porosity  cause  greater  irreversible  energy 
expenditures.  A crude,  but  simple,  procedure  for  determining  the 
irreversible  heating  is  to  assume  that  the  Hugoniot  curve  is  an 
approximation  for  the  release  curves. 

To  calculate  the  pressure,  specific  volume,  shock  velocity, 
etc.,  that  are  produced  during  an  impact,  reference  is  made  lo 
figure  4 which  depicts  the  idealized  condition  for  one  dtmenstonal 
flow  of  a flat  plate  striking  a semi-inflnite  target  (Gault  and 
Heitowit,  1963).  Upon  contact,  two  shock  waves  are  established, 
one  traveling  down  into  the  target  and  the  other  moving  up  into 
the  plate  (projectile).  Because  the  impact  velocity  is  equal  to 
the  sum  of  the  particle  velocities  in  the  target  and  projectile 


it  is  possible  to  derive  explicit  algebraic  solutions  for  all  terms. 
However,  equation  5 permits  a simple  graphical  solution  illustrated 
in  figure  S to  determine  the  pressure  resulting  from  .m  impact  and, 
then,  the  remaining  terms  once  p is  established.  Appendix  B pre- 
sents values  of  the  constants  a and  b for  materials  of  geologic 
interest  to  lunar  and  planetar}-  applications. 

Results  of  typical  calculation  are  included  in  appendbt  B. 


''t 

SPECIFIC  VOLUME 


Figure  S.  - Soft  Hugoniot. 


Even  for  modest  impact  velocities,  pressures  produced  by  impact 


Figure  4.  - Idealized  impact  conditions  (one 
dimensional  flow). 
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Figure  5.  - Graphical  determine  tion  for 
Impact  pressure. 


are  many  orders  of  magnitude  greater  than  the  strength  of  natural  materials,  and  cause  various  types 
and  degrees  of  shock  metamorphism.  Pressures  of  the  order  of  50-100  kb  art  sufficient  to  produce 
deformation-lamellae  in  the  cr>  stal  structure  of  feldspars  and  quartz.  In  addition,  at  higlicr  pres- 
sures, polymorphic  transitions  can  occur,  the  best  known  being  the  change  from  quartz  to  higher 
density  forms  of  Si02 , coesile  and  stisho/ite,  which  are  currently  accepted  as  a criteria  for  identify- 
ing old,  degraded  impact  structures  in  Earth.  Amorpiious  forms  of  both  qr.  t and  feldspar  are  aKo 
produced  in  a solid  state  transformation  without  passing  through  a melt  phase.  Pressures  exceeding 
500-600  kb  are  generally  adequate  in  geologic  materials  to  provide  sufficient  heating  for  melts; 
megabar  pressures  will  cause  vaporization  and  the  onset  of  dissociation. 


B,  Cratering  Shock  Wave  Geometry 

Although  figure  4 provides  a means  for  calculating  the  initial  conditions  for  an  impact, 
the  finite  boundaries  of  a meteoroid  control  and  establish  the  shock  wave  geometr>'  during  a 
cratering  event  (Gault  et  ai,  1966).  Initial  penetration  of  the  meteoroid  establishes  shock  waves 
running  into  both  target  and  projectile  that  encompass  a lens  of  compressed  material.  Deeper 
penetration  causes  drastic  changes  in  the  shock  wave  pattern  due  to  the  presence  of  the  free  surfaces 
on  the  target  and  projectile.  Because  a free  surface  cannot  sustain  a state  of  stress,  a series  of 
rarefaction  waves  develops  as  a means  for  unloading  from  the  high  impact  pressures:  this  initiates 
“jetting,”  a hydrodynamic  ejection  of  target  and  projectile  material  at  multiples  of  the  impact 
velocity.  Once  the  projectile  is  consumed  by  shock,  the  shock  wave  pattern  becomes  exceedingly 
complex  but  in  general  has  a hemispherical  shape  and  a flow  pattern  dominated  by  a spherically 
expanding  shell  of  compressed  target  and  projectile  material.  The  free  surfaces  and  attendant 
rarefaction  waves  cause  shocked  material  at  and  just  below  the  surface  to  begin  to  deflect  laterally 
outward  and  upward,  the  initial  phase  in  the  s^  quence  of  ejection  of  the  main  mass  from  the 
embryonic  crater.  Because  impact  is  a conservative  system  in  which  the  total  energy  must  remain 
constant,  ihe  average  energy  density  in  the  shocked  material  behind  the  shock  front  (hence,  the 
shock  pressure)  must  decrease  as  the  shock  engulfs  more  and  more  target  material.  The  great  bulk  of 
material  ejected  from  a crater  is,  therefore,  removed  in  the  later  stages  of  the  cratering  sequence 
under  conditions  of  relatively  low  stresses  and  modest  ejection  velocities.  Particle  motions  during 
the  later  stages  continue  to  be  deflected  outward  toward  the  surface  under  the  influence  of  rarefac- 
tion waves.  Movement  of  target  layers  near  the  surface  is  predominantly  in  the  horizontal  direction; 
particle  motions  in  deeper  horizons  and  strata  directly  below  the  path  of  penetration  of  the 
projectile  are  first  downward  and  then  deflected  upward.  Ultimately  the  stresses  must  decay  to 
levels  equal  to  the  material  strength  of  the  target,  so  that  the  ejection  velocities  decay  to  zero  and 
the  cratering  proces^  ceases.  The  stress  wave,  however,  continues  to  expand  and  decay  beyond  the 
limits  of  the  final  crater,  eventually  becoming  a simple  elastic  wave  if  the  target  has  infinite 
dimensions  relative  to  the  scale  of  the  crater.  If  the  target  has  finite  boundaries  as,  for  example,  a 
rock  on  the  lunar  surface,  the  shock  waves  may  not  decay  to  low  levels  before  they  encounter  the 
geometric  limits  of  the  target.  In  such  cases  the  shock  wave  must  be  reflected  from  the  free  surface 
boundaries  as  tensile  waves.  Because  rocks  are  generally  weaker  in  tension  than  compression,  tensile 
fractures  can  occur  leading  to  spallation  failure  which  can  disrupt  the  rock  catastrophically. 

It  is  important  to  emphasize  that  impact  cratering  is  not  accomplished  as  the  result  of  an 
“explosion.”  Impact  cratering  is  the  manifestation  of  a mechanical  compression  which  imparts 
kinetic  energy  and  increases  in  internal  energy  to  the  target  material  which  in  turn  serves  to  displace 
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the  material  away  from  the  point  of  impact.  In  an  explosion,  pases  and  vapors  cause  the  compres- 
sion and  ejection  processes,  gaseous  constituents  from  an  impact  are  di  product  cf  the  compression 
and  do  not  contribute  to  the  excavatir  process.  The  principal  products  of  the  mechanical  compres- 
sion of  massive  rock  targets  are  a nibble  of  broken  and  crushed  target  material,  with  lesser  amounts 
of  shock  metamorphosed  material  including  melt  and  vapor.  The  size  distribution  of  ejecta  from 
craters  in  rock  appear  to  follov^  a well  defined  comminution  law,  which  can  be  correlated  with  the 
size  of  the  crater.  Impact  in  particulate  targets  is  also  a comminutive  process,  but  in  addition,  the 
particulate  material  may  also  be  shock  lithified  into  aggregates  larger  than  the  pie-impact  grain  size. 


C.  Crater  Size  and  Geometry 

The  ultimate  size  and  shape  of  craters  are  determined  primarily  by  two  parameterr, 
material  strength  and  gravitational  acceleration.  The  relative  sigjiificance  of  the  two  parameters 
depends  on  the  scale  (size)  of  the  crater  u ider  consideration.  Effective  strengths  of  materials 
decrease  with  increasing  volume  of  material  involved;  i.e.,  as  the  scale  of  an  impact  event  increases 
the  effective  strength  of  the  target  and  the  forces  resisting  deformation  decrease.  On  the  other  hand, 
as  craters  become  larger  the  resistance  forces  arising  from  gravitational  accelerations  must  increase. 
The  effects  of  strength  and  gravity,  therefore,  tend  to  be  dominant  at  opposite  ends  of  the  spectrum 
of  crater  sizes.  Crater  shapes  and  scaling  laws  for  calculating  crater  size  reflect  the  relative  signif- 
icance of  these  two  parameters. 

Craters  smaller  than  a micrometer  formed  in  glasses  or  individual  crystals  are  simple  glass-lined 
pits  with  only  a suggestion  of  an  encircling  glassy  rim.  Craters  larger  than  a few  micrometers  also 
exhibit  a glass-lined  pit,  but  are  s’lrrounded  by  a spallation  zone  about  four  limes  the  pit  diameter. 
At  diameters  of  the  order  10  cm  (based  on  astronaut  observations)  the  glassy  central  pit  disappears, 
leaving  only  a shallow,  rimless,  conical  depression  centered  around  a zone  of  crushed  rock.  At  meter 
to  10  meter  scale,  raised,  upthrusted  rims  begin  to  develop  and  become  a mr\»r  st  uctural  character- 
istic at  larger  scale  up  to  more  than  100  km  diameter.  In  sharp  contrast,  craters  formed  in  par- 
ticulate targets,  which  are  most  representative  of  the  lun.  r regolith,  do  not  exhibit  glass  lined  pits  at 
the  smallest  scale,  and  moreover,  develop  well  defined  raised  nms  fc»  ::r^^iers  larger  than  a f w 
centimeters  in  diameter.  In  addition,  all  other  factors  held  constant,  craters  formed  in  lew  strength 
particulate  material  are  iarger  than  their  counterparts  formed  in  rock. 

Subsurface  structures  of  large  craters  are  produced  in  direct  response  to  the  motions  induced 
by  reaction  to  the  passage  of  stress  waves.  Three  primary  modes  of  response  are  ecognized  from 
laboratory  studies  using  low  strength  (particulate)  target  material  to  simulate  large  evi^nts:  l)a 
radial  displacement  downward  at  and  near  the  bottom  of  the  crater;  2)  an  upward  motion  that  is 
virtually  tangential  to  the  inner  wall  of  the  crater  near  the  rim;  and  3)  a transition  zone  between  the 
first  two  which  produces  large  horizontal  shearing  displacements  about  midway  up  from  the  crater 
floor.  The  first  contributes  to  downwarping  of  strata  directly  below  the  floor  of  the  crater  and  deep 
underthrusts  of  units  originally  at  pre-impact  depths  just  above  the  final  crater  depth.  The  tangen- 
tial flow  near  the  rim  is  responsible  for  the  characteiistic  overturned  flap  of  the  rim  and  consequent 
inverted  stratigraphy.  The  strong  horizontal  movements  ^re  responsible  for  intense  shear  between 
adjacent  strata  and  may  result  in  both  underthru^ting  at  depth  and  overthrusting  near  the  surface 
layers  depending  on  the  strength  of  the  strata.  Such  deformations  are  normally  stable  and  persist 
long  after  the  formation  of  the  crater,  but,  if  the  target  material  is  unusually  weak  or  the  scale  of 
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the  ciatcr  is  large  that  gravitational  forces  are  dominant,  post-cratering  modification  will  occur 
and  alter  the  basic  impact  structure  and  morphology. 

The  dominant  role  of  gravity  at  large  scale  is  two-fold,  first  in  affecting  the  dimensions  of  the 
excavation  crater  and,  second,  in  contributing  to  post-cratering  modifications.  Strength,  never- 
theless, retain.®  significance  in  that  it  ultimately  determines  the  final  geometry.  This  can  be  illus- 
trated by  consitlering  an  impact  into  a target  having  virtually  zero  strength  such  as  water.  A crater  in 
water  wfll  be  produced  within  the  geometric  limits  determined  by  the  amount  of  energy  available  to 
do  useful  work  against  the  forces  caused  by  gravitational  accelerations.  Once  the  limit  is  attained, 
the  crater  will  collapse  because  the  zero  target  strength  fai^s  to  provide  any  resistance  to  the  gravity 
induced  forces  acting  on  the  distorted  target.  The  uater  crater  is,  therefore,  a transient  event  which 
must  eventually  disappear  leaving  no  permanent  recoid  of  the  impact.  If  the  target  has  somt 
strength,  however,  collapse  will  still  occur,  but  the  finite  strength  will  resist  total  restoration  to 
pre-impact  conditions  and  preclude  erasure  of  all  topographic  evidence  of  the  event.  Forces  and 
rates  of  collapse  will  depend  on  the  size  of  the  ‘ transient”  or  “excavation”  crater  so  that  the  extent 
of  post-crat'^ring  modification  is  greater  for  the  larger  impact  events.  Thus,  the  interior  terraces  of, 
say,  a 20  km  crater  are  a relatively  modest  collapse  as  compared  to  the  collapse  of  much  larger 
structures  ranging  up  to  the  size  of  the  ringed  basins  such  as  Oriental  and  Imbrium.The  excavation 
crater  lor  Oriental  is  no  larger  than  300  km  although  its  outer  ring  is  about  900  km  in  diameter. 


lo  a first  approximation  a minimum  of  three  scaling  laws  are  necessary  in  order  to  calculate 
crater  dimensions  over  a range  from  micrometers  to  kilometers.  The  general  formula  is  D « (KE)^ 
with  specific  values  shown  in  the  following  equations. 


D = 0.0015 
D = 0025 
D = 0.027 


(sin  0)2'^ 
(KE)®-^’(sin0)*'^ 
(KE)®-^»(sin0)‘'^ 


The  first  expression  is  valid  for  impacts  against  massive  rock  producing  craters  up  to  about 
10  meters  diameter.  For  larger  craters  in  rock  or  other  indurated  targets,  there  is  a gradual  transition 
to  the  second  expression,  which  is  generally  applicable  for  all  cratering  up  to  100  meters  diameter  in 
weakly  cohesive  partiaihte  material  similar  to  the  lunar  regolith.  The  third  expression  is  appropri- 
ate to  craters  of  kilometer  dimensions  and  larger  regardless  of  the  nature  of  the  target.  A transition 
between  the  last  two  expression  occurs  between  about  100  meters  and  1 kilometer.  The  size  of 
craters  is  a strong  function  of  the  trajectory  angle  0.  Circularity  of  the  craters  is  unaffected  by 
oblique  trajectories  provided  the  impact  velocity  is  not  excessively  low  nor  the  impact  is  not  at 
grazing  incidence.  Assymetric  ray  patterns  around  craters  is  indicative  of  oblique  impacts.  Tycho, 
Proclus,  and  especialb'  Messier  provide  striking  examples  of  probable  oblique  impact  events. 


D.  Impacts  and  Impact  Craters 

Highspeed  framing  camera  records  of  laboratory  impacts  in  the  Ames  Vertical  Gun  Ballis- 
tic Range  illustrate  and  form  a basis  for  understanding  and  interpreting  cratering  mechanics  and 
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structures.  Comparison  of  the  laboratory  observations  with  terrestrial  and  lunar  craters  illustrate 
salient  features  of  structures  (figs.  6-18). 


E.  Summary  of  Mechanics 

Impact  cratering  as  a geologic  process  on  the  Moon  is  an  agent  for: 

1)  Extensive  comminution,  brecciation,  and  erosion 

2)  Ballistic  tran^ort  of  mass  over  great  dstances 

3)  Metamorphism,  both  solid  state  and  thermal  including  melting  and  vaporization 

4)  Formation  of  large,  complex  structures 

5)  Formation  of  distinct  stratigraphic  units 

6)  Mixing  of  stratigraphic  units 


III.  LUNAR  CRATERING 


A.  Meteoroid  Population 

The  sources  and  fluxes  of  meteoritic  debris  impacting  the  Moon,  both  past  and  present,  is 
known  with  precision  that  varies  from  good  to  total  ignorance  and  open  to  frequently  wild  specula- 
,.on.  The  greatest  uncertainty  concerns  the  early  hbtory  of  the  Moon,  especially  because  we  do  not 
know  its  O' .gin,  whether  it  accreted  near  the  Earth  or  at  some  distant  part  of  the  Solar  System  prior 
to  being  captured  by  the  Earth.  It  is  clear,  however,  as  will  be  discussed  later,  that  the  Moon  was 
subjected  to  an  intense  bombardment  during  its  first  500-1000  million  years  (my)  as  a planetary 
body  after  which  the  flux  decreased  sharply  to  rates  comparable  or  equal  to  current  values. 

Present  information  on  the  current  meteoritic  environment  of  the  Moon  is  derived  from  nine 
sources  and  observational  techniques:  1)  satellites;  2)  lunar  rocks;  3)  radar  meteors;  4)  visual  and 
photographic  meteors;  5)  Prairie  Network;  6)  Apollo  seismometers;  7)  meteorites;  8)  astronomical 
photography  of  comets  and  asteroids;  and  9)  lunar  surface.  The  first  four  provide  a basi^  for 
evaluating  with  good  confidence  (factors  of  2 to  3)  the  flux  of  particles  ranging  in  mass  from  the 
order  of  1(T'*  g to  1 g,  which  will  produce  craters  from  about  1(T®  cm  to  50-100  cm  diameter 
depending  on  A^hether  the  target  is  massive  rock  or  regolith.  The  next  three  types  of  observations 
extend  the  mass  range  to  the  order  of  tons  ( lO^’g),  objects  capable  of  forming  craters  up  to  100  m 
diameter;  the  three  yield  widely  differing  result  factors  of  1000,  for  the  largest  bodies.  The  last  two 
types  of  observations  push  the  mass  range  upwards  to  the  size  of  small  planetesimals,  perhaps 
10* ' - 10*  *g,  capable  of  producing  tremendous  basins  the  size  of  Imbrium  and  Oriental.  The  flux 
in  this  last  category  is  very  uncertain  and  speculative,  and  depends  in  part  on  a.ssumptionsmade  in 
trying  to  model  and/or  interpret  the  temporal  variations  in  the  flux  s*nce  3000-4000  million  years 
ago. 
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Opposite: 

Figure  6.  - Time  sequence  photographs  of  an  impact  by  a SO  caliber  lexan  pro^ 
jectUe  at  6.5  km /sec  into  a homogenecus  target  By  t = 0.075  sec^  the  basic 
crater  shape  has  been  established:  however^  ejecta  remain  in  bdlistk  trajec’ 
tories  until  after  t = 0.293  sec.  Bright  clumps  of  material  on  the  crater  floor 
are  highly  Stocked  and  shock-melted  material.  Note  the  ejecta  ^ytadows  ** 
behind  the  three  vertical  spikes  used  for  stereographic  calibrations.  The  diam’ 
eter  of  the  circular  plate  (t  — 0.003  sec)  is  60  cm. 
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.176  sec  t = .293  sec  FINAL 


C^pposite: 

F^m:  7.-  BofUe  the  deveittpmml  of  m impact  crater.  E^ta  fdlmn 

tmpactories  approximately  4(f  from  the  horizonttd,  thereby  f&mnng  m 
imerted  com.  As  the  crater  mimps,  th&  mj^  rrnntms  epprmimatefy  the 
sme.  This  fmikukr  impact  occurrid  in  a uapst  containmg  simulate  fmlt 
plains,  idPch  are  resportsiMe  fm  loops  ofeftem  ierdoping  after  26  ms. 
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IMPACT  CRATERING  IN  STRUCTURED  TARGETS 

PARALLEL  FAULTS 


NUMBERS  INDICATE  TIME  IN  MILLISECONDS  AFTER  IMPACT 


Opposite: 

Figure  & - Hi^y  schematic  illusmtion  showing  the  formation  of  an  impact 
crater  based  on  rapid  sequence  photography  and  target  cross-sections.  At  the 
initio!  stage,  shock-melted  materia!  is  elected  at  multiples  of  the  profectile 
velocity  with  an^es  of  eieeiion  less  thmStf.  The  crater  enlarges  rapidly  and 
is  essentially  complete  prior  to  ejecta  deposition  flower  right).  Note  the  over- 
turned strata  along  the  rim  and  the  compressed  strata  directly  beneath  the 
crater. 
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Opposite: 

Figure  9.-  Two  craters  farmed  by  pmfectSes  haring  identical  parameters 
"(velocity,  density,  anffte  of  impact h but  different  target  charactenstks.  The 
blacky  and  asymmetric  crater  (tap)  was  formed  in  a wmkly  cohesive  target 
comparable  to  wet  beach  sand,  whereas  the  symmetric  crater  (bottom)  was 
formed  in  notKohesire  material.  The  differences  in  morphology  am  intrinsic 
to  the  target. 
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Opposite: 

Figure  10.  Cro^s-sections  of  impm:t  craters  formed  by  high-velocity  lexan 
proFc tiles  trayeling  from  right  to  left.  Impact  into  a non-cahesiye  target  of 
quartz  sand  with  cohred  layers  (a I reveals  overtumed  strata  akmgrim  result- 
ing from  a dominant  tangential  flow  of  target  materiaL  Beneath  the  crater, 
the  compressed  strata  (view  the  photograph  obliquely  along  the  strata ) illus- 
trates the  rudial  flow:  between  the  floor  and  rim,  horizontal  flow  is  dominant, 
impact  (b)  into  a target  with  competent  layers  {produced  by  a black  lacquer 
coating  and  revealed  by  the  black  lines  between  strataj  resulted  in  complex 
overthrusts,  underthrusts,  and  antidines  where  interbedded  competent  layers 
were  shallow  {left  of  crater  center),  in  contrast  to  relatively  simple  alteration 
where  the  layers  'were  deeply  buried  (right). 
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C^pDsite: 

JR^re  IL^  Meteor  Cmter,  Amam^  t am  of  the  mmt  thmm^tfy  ttmiimi 
terre$irM  impact  ctutm.  The  mi$ed  rim^  upUftmi  blm^ky  efecie  mar 
the  rim,  md  Mmmocky  efwM  foeim  fmher  fmm  the  rim  mte  mUentin  ikk 
aerioi  view.  The  present  rim-to^m  dkmeter  i$  epproxhmtefy  L2  km  with  a 
depth  of  apprmirmddy  1 70  m. 
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Opposite: 

figure  11~  Sedan  crater  (409m  in  diameter.  100m  deep  with  respect  to 
migind  surface  ( that  was  produced  by  an  underground  nuclear  explosion. 
Note  the  incipient  slump  feature  (upper  right)  and  the  hummtKky  ejecta 
blanket.  Althougft  Sedan  is  a hole  in  the  ground  and  morphologically 
resembles  an  imptKt  crater,  the  mechanics  of  its  formation  are  drasf  fly 
different  from  those  for  an  impact  crater. 
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Opposite: 

Figure  IJ.-  Examf^es  of  ancieni  lerrestriai  impact  era  fen.  HoUeford  Oater, 
Ontario^  HViy  formed  5S0  tSO  my  ago  and  h the  smallest  of  the  Canadinn 
meteorite  craters  (a I approximately  2 km  in  diameter,  Brent  Outer,  Ontario, 
is  dated  at  450  ±40  my  and  is  4 km  in  diameier  fb).  Deep  Bay,  Saskatchewan, 
is  the  smallest  Canadian  crater  (9  km)  with  a central  uplift  and  has  an  age  of 
100  ±50  my  (el  West  Oearwater  Lake,  Quebec,  is  the  larger  (30  km  in  diam- 
eter) of  a pair  of  impact  emters  believed  to  have  formed  nearly  simul- 
taneously by  the  break-up  of  a large  meteimte  2S5  t30  my  ag<}  (d),  Caurresy 
of  Michael  Denee, 
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Opposite: 

Ftgure  IS.-  Map  of  Qmada  with  locations  of  most  of  the  verified  meteorite 
craters.  The  size  of  the  dots  indkete  the  relative  size  of  the  craters.  S»iee  this 
map  vm  prepared,  two  additiorml  impmt  craters  have  been  added:  Gow  Lake 
and  Lac  Im  Moinerie.  In  addition,  there  are  8 more  probable  impact  craters 
and  82  more  possible  sites.  Cmrtesy  of  Michael  Denee. 


162 


Pilot  Lake 
Lac  Pllote 

NldK^eon  take 
Lac  NichotsoQ 

Steen  Rhw 
Steen 

Sudbiay 
Chartevote  ^ 

Lake  Mtetaatln 
liKTiyitetaette 

LAeSt  Itotte 
LacSI-liartet 

LateWansplM 

IrncWmna^m 


less  than  1 
mokisde  t 

450^40 
210±4  ' 

2S3±20 


1 New  Ouet^ec 
Nouesau-Oitebec 

2 Brwrt  S 

3 Manicouagan 

4 Cteafwaler  Lake* 


550  ±S0 
100  ±50 


5 HolMord 

6 Deep  Bay 
Sate  Protons* 

7 ^arsweM  Udte 

8 ^ CfMtun 

9 Waet  Hawk  Lake 
Lee  Hawke-Oueet 


485±50 

300±150 

19O±S0 


:k)0±i50 


- Mm  Nmtmm:  kbaruiory  mmuluuon  of  cmier  degmduiion.  Ihe 
fm:  crmem  to  dimppmr  impact  ammon  and  sedmmtation  are  the 

^mMe$t  EmntuMfy,  the  iargasi  crater  famm}  m the  upper  left  and  lower 
rights  is  reduced  to  a shallow  mb^ed  depression.  Comparable  de^dution  is 
inferred  for  smdl  craters  on  the  iumr  surface. 
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STAGES  IN  CRATER  MODIFICATION 


Opposite: 

figure  17*-  Mare  Exempium:  kboramio^  simuktion  of  ike  deeehpmeni  of  ^ 
cratered  terrain.  Six  different  sue  proteeiiies  were  impacted  into  dry  qmrtz 
mnd  mch  that  10  cmters  were  formed  in  one  size  dm  for  every  cme  in  the 
next  larger  size  class.  ^ After  a period  of  time,  the  number  of  imiers  formed 
imknce  the  number  destroyed,  resulting  in  an  equiibrium  condition.  Such  a 
condition  is  beiieved  to  exist  for  smdi  craters  in  the  lunar  regoiitk  and 
apparently  existed  for  much  larger  cmters  early  in  lunar  history  (preserved  in 
the  lunar  highlands  f 
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MARE  EXEMPIUM 


Opposite: 

f’igttre  13,  - The  era  ten  Messier  fieft)  and  Messier  A fright).  Messier  exhibits  a 
saddie^shaped  rim  fa  f in  which  (He  iawest  rim  height  occurs  along  the  mafor 
mis  (ASU-42-H304).  fjeem  are  usymmetrically  distributed  fb)ina  butterfly 
pattern  (ASI5-M3-2674).  These  features  are  reproduced  in  the  laboratory'  by 
a low-angie  impact.  The  whisker-Hke  rays  from  Messier  A and  the  complex 
morph  dogy  also  may  be  a result  of  an  oblique  impact  fsj. 
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The  population  of  meteoritic  debris  increases  exponentially  with  decreasing  mass,  and  is 
usually  expressed  in  the  form 


N = km  ^ 


The  quantities  k and  7 are  taken  to  be  positive  constants  over  various  ranges  of  the  mass  m.  In 
order  to  depict  the  complete  range  of  N and  m.  it  is  necessary  for  graphical  presentations  to  employ 
a log-log  format.  F^qure  19  presents  a '"best”  estimate  of  the  current  lunar  flux  with  the  cross- 
hatching  indicating  range  of  uncertainty. 


By  combining  crater  scaling  laws  with 
the  meteoritic  fluxes,  estimate  j can  be  made 
for  1 ) the  rate  at  which  craters  of  a given  size 
are  being  produced,  and  2)  the  size-frequency 
distributions  of  the  primary  crater  population 
produced  on  the  lunar  surface  in  a given  time. 
Thus, 

N = c 

where  the  quantities  c,  7,  and  P may  be 
taken  as  constants  over  a limited  range  of  the 
crater  diameter  D,  and  with  consideration  of 
the  type  of  target  material  involved. 

Impact  velocities  against  the  lunar  sur- 
face range  from  2.3  km /sec  to  72  km/sec;  the 
lower  limit  is  determined  by  the  velocity 
necessary  to  escape  from  the  gravitational 
field  of  the  Moon  and  the  upper  limit  (for  a 
member  of  the  solar  system)  results  from 
impact  by  a co-planar  object  in  a parabolic 
retrograde  orbit  having  its  perihelion  at  the 
Earth’s  orbital  distance  from  the  sun.  Impact 
velocities  appear  to  be  dependent  on  the 
mass.  For  cs  greater  ihan  about  l(T*g,  20  km/sec  is  a representative  average  value;  for  masses 
less  than  ICT^g  lower  velocities  are  appropriate,  probably  tending  toward  lunar  escape  velocity  for 
the  smallest  particles  (1  O'*  ^g?). 


Figure  19,  - Estimated  hjnar  meteoroid  flux  with 
limits  of  uncertainty. 


B.  Long  Term  Effects 

If  the  current  flux  of  meteoritic  debr*  ’las  remained  constant  foi  "he  last  1000  my,  each 
square  centimeter  of  the  Moon  will  h-ve  be:.:  ‘cted  10^  times  by  10^  g particles,  each  particle 

capable  of  orming  a 0.3  cm  crater  in  rock  ..’Jem  crater  in  the  lunar  regolith  (soil).  Similarly, 
each  square  meter  will  have  been  struck  10  limes  by  a 1 g object  which  could  form  a 50  cm  crater  in 
rock  or  a 90  cm  crater  in  the  regoiith.  And  at  the  same  time  each  square  kilometer  would  have 
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experienced  from  0.1  to  10  craters  of  100  m diameter  while  the  entire  Moon  may  have  been 
impacted  by  several  small  planetesimals  or  cometary  bodies,  the  largest  of  which  formed  a 100  km 
diameter  crater.  Although  less  frequent,  masses  forming  primary  craters  larger  than  about  100  m 
(and  their  secondary  craier  fields)  excavate  more  total  mass  than  the  more  numerous  smaller 
members  of  the  meteoritic  population.  The  latter,  however,  are  effective  for  erosion  and  catas- 
trophic disruption  of  small  rocks  and  boulders.  Thus,  the  preceding  statistics  are  the  basis  for 
illustrating  that  1)  erosion  and  ballistic  transport  of  material  is  effected  by  the  smallest  masses  of 
the  meteoritic  complex;  2)  many  more  small  craters  are  formed  on  the  lunar  surface  than  can  be 
expressed  on  the  surface  without  ""erasing”  by  superoosition  previously  formed  craters;  3)  larger 
craters  and  their  secondaries  excavate  “fresh”  rocks  for  the  small  particles  to  erode;  and  4)  only  the 
larger  craters  can  provide  a one-for-one  record  of  the  total  number  of  impact  events  that  have 
occurred  over  long  periods  of  time.  Three  primary  types  of  crater  populations  are  recognized.  A 
surface  is  considered  to  be  in  a production  state  when  no  crater  destruction  by  erosion  or  super- 
position has  occurred  and  a complete  record  of  each  impact  event  is  still  recorded  on  the  surface.  A 
surface  is  ‘ onsidered  to  be  saturated  with  craters  of  a given  size  when  additional  craters  destroy 
existing  craters.  A surface  is  considered  to  be  in  equilibrium  when  the  rate  of  destruction  of  craters 
is  equal  to  the  rate  of  production  (Gault,  1970).  Surfaces  showing  both  production  and  equilibrium 
crater  populations  provide  important  quantitative  information  on  the  relative  ages  between  dif- 
ferent surfaces.  An  Ames  movie  ""Mare  Exemplum”  (fig.  17)  illustrates  the  evolution  from  an 
initially  smooth  uncratered  surface  to  a surface  saturated  with  craters  in  equilibrium.  The  movie 
also  illustrates  the  manner  in  which  craters  are  degraded  and  lose  identity  as  a result  of  impact 
erosion  and  sedimentation  processes. 


C.  Historical  Cratering  Record 

It  has  been  recognized  for  many  years  that  the  current  meteoroid  population  is  too  low 
to  be  able  to  explain  the  heavily  cratered  lunar  highlands,  which  are  saturated  with  100  km  diam- 
eter craters.  The  generally  accepted  explanation  was  that  the  lunar  highlands  preserve  a record  of 
the  terminal  stages  of  accretion  by  the  Moon  of  the  larger  condensates  from  the  solar  nebula,  a 
record  long  since  lost  on  Earth  by  its  extensive  geologic  activity.  Until  the  return  of  lunar  samples 
by  the  Apollo  missions,  however,  the  time  scale  for  terminal  accretion  was  open  to  speculation. 
Rb/Sr  ages  from  the  lunar  rocks  at  six  Apollo  sites  have  revealed  that  all  the  mare  surfaces 
apparently  formed  between  3200  and  3800  my  ago  so  that  the  highlands  represent  surfaces  older 
than  3800  my.  Crater-frequency  determinations  for  the  various  surfaces  together  with  the  age  data 
indicat?  that  the  meteoritic  flux  decayed  very  rapidly  between  4000  to  3200  my  ago  and  has 
remained  relatively  constant  since  then  within  the  errors  of  present  uncertainties  in  the  flux. 
Dependent  on  the  mathematical  models  used  to  represent  the  fluxes,  the  impact  rates  on  the  Moon 
4000  my  ago  were  up  to  100  times  greater  than  present  flux.  Interpretations  of  these  data  are 
varied:  1)  the  steep  decline  (assumed  to  be  an  exponential  decay)  in  the  flux  between  4000  and 
3200  my  is  the  tail  end  of  lunar  accretion;  and  2)  the  steep  decline  is,  instead,  the  consequence  of 
some  catastrophic  event  associated  in  some  manner  with  the  formation  of  the  ringed  basins, 
especially  Imbrium.  If  the  former,  the  bodies  must  have  arrived  at  the  Moon  from  eccentric  helio- 
centric orbits  in  order  to  survive  colliding  with  the  Moon  at  an  earlier  time  consistent  with  their 
indicated  100  million  year  half  life.  But  if  such  bodies  represent  accretionary  material  for  the  Moon, 
the  time  scale  for  accretion  is  inconsistent  with  the  radiometric  age  data,  which  suggest  the  Moon 
accreted  in  several  tens  of  millions  of  years.  Cn  the  other  hand,  the  second  interpretation  raises  an 
awkward  question  of  how  to  “store”  both  Oriental  and  Imbriurn  event  bodies  (100  km  diameter??) 
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in  the  solar  system  for  600-800  my  before  they  impacted  the  Moon.  Viewed  in  perspective  to  the 
other  terrestrial  planets,  the  Hellas  Basin  on  Mars  and  the  recently  discovered  1300  km  circular 
basin  on  Mercury  photographed  by  Mariner  10  would  seem  to  suggest  that  such  structures  are  a 
general  characteristic  of  planetary  evolution;  i.e.,  terminal  accretion  may  include  Imbrium  scale 
events  without  making  it  necessary  to  resort  to  special  catastrophic  conditions  for  the  Moon  related 
in  some  obscure  manner  to  the  Moon’s  proximity  to  Earth.  Most  importantly,  the  Moon  taken 
collectively  with  Mars  and  Mercury  would  seem  to  indicate  that  extensive  differentiation  occurred 
very  early  in  the  evolution  of  the  terrestrial  planetary  bodies,  well  before  the  accretionar>^  stages 
were  completed. 
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APPENDIX  A 


The  metric  system  (CGS)  is  employed  throughout  the  discussion;  i.e.,  length,  mass,  and  time 
are  expressed  as  centimeters  (cm),  grams  (g),  and  seconds  (sec),  v/ith  the  usual  prefixes  designating 
fractions  or  multiples  of  ten. 

p pressure  (bars  1 b«ir=  10^  dynes/cm^  = approximately  1 atmosphere) 
p density  (g/cm^  ) 

V specific  volume  (cm^  /g) 

E specific  internal  energy  (ergs/g) 

U shock  wave  velocity  (cm/sec) 
u particle  velocity  (cm /sec) 

Vj  impact  velocity  (cm/sec) 

D crater  diameter  (cm) 

KE  kinetic  energy  (ergs) 

B impact  trajectory  angle,  relative  to  target  surface,  degrees 
N number  (bodies  or  craters)/cm^  sec 
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APPENDIX  B 


Values  for  constants  a and  b in  expression  U = a + bu  for  materials  of  geologic  interest  and 
application  to  lunar  impacts. 


Material 

a 

b 

P 

Basalt* 

2.31  X 10* 

1.62 

2.86 

Sandt 

1.30  X 10* 

1.4 

1.65 

Iront 

3.46  X 10* 

1.72 

7.88 

*As  target  or  simulat'on  of  stoney  meteoroid  projectiles 
t As  simulation  of  luntx  regolith 
tiron  meteoroid  projectiles 


Representative  pressures  attained  for  lunar  impact  conditions 
(pressures  in  m^abars) 


Impact  velocity,  Vj  (km/sec) 


5 

10 

20 

30 

Basalt  into  basalt 

0.45 

1.49 

5.28 

11.38 

Basalt  into  sand 

0.29 

0.98 

3.54 

7.69 

Iron  into  basalt 

0.77 

2.48 

8.65 

18.50 

Iron  into  sand 

0.45 

1.49 

531 

11.45 
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IMPACT  CRATERING  MECHANICS 
AND  STRUCTURES 


DONALD  E.  OAULT,  WILLIAM  L.  QUAIDE,  AND  VERNE  R.  OBERBECK 
Space  Sciences  Division,  Ames  Research  (^enter,  AMSA,  Moffett  Field,  California  94086 

Hypervelocity  impact  craters  formed  in  the  laboratory  in  low-  and  variable-strength  materials  ha^e  pro- 
vided insight  into  the  mechanics  of  the  formation  and  the  resultant  structures  of  meteorite  craters.  Three 
stages  in  the  development  of  a crater  are  recognized:  W)  an  initial  shock-wave  compression  of  projectile 
and  target,  during  which  kinetic  energ\'  is  transferred  from  impacting  body  to  the  ground;  (2)  an  excavation 
stage,  during  which  the  crater  is  actually  formeci  as  the  result  of  particle  motions  produced  by  the  shock 
waves;  and  (8)  a stage  of  post-cratering  modification  of  the  basic  impact-basin  by  geologic  processes.  Crater 
structures  produced  in  low  strength  target  materials  are  remarkably  similar  to  those  found  in  certain 
large  meteorite  craters.  Upwai  ped  rims  with  inverted  stratigraphy,  near  surface  overthrusts,  stratigraphic- 
ally  deep  underthrusts,  and  polygonal  rims  hav*‘  all  been  observed.  These  structures  are  consistent  with, 
and  are  the  natural  consequence  of,  the  particle  motions  and  deformations  associated  with. the  mechanics  of 
formation  of  an  impact  crater. 


INTRODUCTION 

It  is  a statistical  certainty  le.g.,  Opik,  1951) 
that  a.steroidal  or  cometary  objects  have  collided — 
and  will  continue  to  collide  in  the  future — with 
the  earth  and  with  other  planetary  bodies.  Al- 
though geological  support  for  this  interplanet  arj^ 
bombardment  had  been  lacking  until  recent  years, 
the  terrestrial  record  of  such  collisions  is  now 
rapidly  unfolding  as  a steadily  increasing  number 
of  structures  ar*'  recognized  as  being  very  probably 
of  impact  origin  Short  and  Bunch,  this  vnl., 
p.  225).  The.se  terrestrial  Matures,  combined  with 
the  pock-marked  surfaces  of  the  Moon  and  Mars, 
attest  to  the  possibility  that  collisions  and  the 
atteiident  cratering  phenomena  have  been  a sig- 
nificant, if  not  major,  factor  in  the  development 
of  planetary  surfaces. 

('ratering  as  a geologic  process,  however,  is 
poorly  understood  and  subject  to  many  uncer- 
tainties. This  is  to  be  expected,  however,  bc- 
< ause  general  awareness  of  the  potential  role  of 
impact  cratering  dati's  back  less  than  a decade. 
Only  a few  natural  craters  are  sufficiently  young 
and  well  pres('rved  to  provide  any  clear  details 
of  th(ur  structure,  and  all  of  these  are  smaller 
than  a few  kilometc'rs  in  diameter.  Larger  craters, 
bc'cause  of  their  age.  have  been  grossly  modified 
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by  erosion.  In  such  cjises,  structural  features  are 
either  obscure  or  are  irrevocably  lost,  and  this 
blurring  of  the  geologic  record  can  lead  to  con- 
fusion in  assigning  certain  features  to  a cratering 
or  post-cratering  origin. 

In  the  past,  craters  formed  by  explosives  have 
been  used  as  models  for  impact  structures  (e.g., 
Shoemaker,  1963;  Baldwin,  1963).  Although  many 
features  of  impact  and  explosive  craters  appear  to 
be  similar,  there  are  basic  differences  in  the  me- 
chanics of  formation  by  the  two  processes  that 
can  influence  the  final  structure.  Experimental 
investigations  of  impact  cratering  cannot  be  con- 
ducted, of  course,  on  a scale  that  is  comparable  to 
explosive  tests,  but  large  geologic  features  can  be 
studied  in  the  laboratory  by  using  scale  models. 
It  is  the  purpose  of  this  paper  to  describe  some 
results  of  such  modeling  studies  that  have  been 
conducted  at  NASA’s  Ames  Resinirch  Center  as 
part  of  a more  general  program  of  research  de- 
vot('d  to  investigating  the  effects  of  hypervelocity 
impact  against  natural  materials. 

No  attempt  has  been  made  to  model  any  specific 
im])act  crater  by  preci.se  sci.  the  experiments 
have  been  designed  only  to  work  in  the  proper 
range  of  target  properties,  projectile  properties, 
and  impact  velocities  to  produce  craters  and  struc- 
tures which  are  applicable  to  tlu>  larg(‘  range  of 


1.  ( ’<  unpre^Nion 

(h)  Initial  contact 
(h)  Jetting 
(c)  Terinitml  engulf* 
inent 

2.  Excavation 

(a)  H«*\dial  expansion 

(b)  Lateral  flow 

(c)  Ejection 

Modification 
(a)  ^lumping 
<bi  Isostatic  adjure t- 
inent 

(c)  Erasion  and  infiU 


Transfer  of  projectile 
kinetic  energ\*  to  target 
and  establishment  of 
intense  shock  w'aves 

Cratering  process  as  a 
manifestation  of  shock 
waves  and  H*tendent 
rarefaction  waves 

Potential  post-cratering 
alterations  not  attribut- 
able to  shock  waves 


Fig.  1.  A summary  of  the  sequence  of  events  during  the 
formation  of  an  impact  crater. 


sizes  exhibited  by  natural  impact  craters  on  earth. 
In  this  way,  it  has  been  possible  to  study,  step  by 
s<^ep,  the  effects  produced  by  subtle  changes  in 
target  homogeneity  and  target  strength. 

In  the  presentation  that  follows,  the  discussion 
is  divided  into  three  parts.  In  the  first,  a brief 
description  is  given  of  the  experimental  tech- 
niques. Then,  because  crater  structures  reflect  the 
end  product  of  a complex  physical  process,  the 
mechanics  of  crater  formation  are  discussed  as  an 
integral  part  of  the  entire  problem.  Finally,  re- 
sults from  the  modeling  studies  are  presented. 

EXPERIMENTAL  TECHNIQUES 

All  cratering  experiments  were  performed  in  the 
Ames  Vertical  Gun  Ballistic  Range.  Briefly,  this 
facility  consists  of  a vacuum  chamber,  approxi- 
mately 2.0  m in  diameter  by  3 m in  height,  that 
is  straddled  by  a large  A-frame  on  which  light-gas 
guns  (e.g.,  Charters  and  Curtis,  1962;  Curtis, 
1964)  and  conventional  powder  guns  can  be 
mounted.  The  A-frame  can  be  rotated  up  over  the 
vacuum  (chamber  to  permit  vhc  firing  of  projectiles 
through  ports  into  the  chamber  at  angles  up  to 
vertical  incidence  in  lo"^  increments  from  the 
horizontal.  The  target  .surface  is,  thus,  always 
horizontal  and  permits  using  noncohesive  particu- 
lat(*  material  for  the  cratering  studies.  Pressure 
in  le  tank  is  maintained  at  100  to  200  n Hg  for 
the  cratering  experiments. 

'Phe  simplest  targets  employed  for  these  studies 
consist  of  diy,  noncohesive  sand.  The  sand  is  dyed 


and  placed  in  varicolored  horizontal  layers  or  in 
layered  vertical  columns  to  provide  planes  or 
points  of  reference  for  use  in  defining  total  defor- 
mations. Such  targets  are  homogeneous  and  repre- 
sent models  of  extremely  large-scale  events  where 
target  strength  and  inhomogeneity  of  target- 
strength  variations  are  relatively  insignificant. 

Studies  of  the  smaller  natural  impact  craters, 
however,  show  that  common  inhomogeneities 
present  in  natural  rocks  are  influential  in  deter- 
mining crater  geometries  and  styles  of  deforma- 
tion. A common  inhomogeneity  in  rocks  impacted 
by  meteorites  is  a variation  of  physical  properties 
at  various  stratigraphic  horizons.  Various  strata 
behave  differently  when  deformed,  depeirding  on 
whether  or  irot  they  are  competent  or  incompe- 
tent. Targets  simulating  ixrcks  with  interlayered 
competent  and  incompetent  beds  have  been  con- 
structed by  spraying  various  surfaces  of  sand 
layers  with  thin  coats  of  black  lacquer.  The 
lacquer  cements  sand  layers  of  a few  graitis  thick- 
ness into  beds  which  subsequently  behave  compe- 
tently during  deformation.  The  black  paint  also 
provides  a convenient  ‘‘marker’'  bed  for  tracing 
out  complex  dehtrmations. 

Another  common  inhomogeneity  in  natural 
rocks  that  is  influential  in  controlling  crater 
geometry  and  subsurface  deformational  structures 
i'  the  presence  of  joints  and  fractures.  Faults  or 
joint  systems  have  been  simvdated  in  the  m«idel 

COMPRESSION  STAGE 


Fig.  2.  Schematic  representation  of  the  compression  >tage 
of  the  formation  of  an  impact  crater. 
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by  Iraviiifj  narrow  siiporposotl  i'l 
lacqiu'r  layoi*s. 

Althounli  the  bulk  of  the  targ<‘i  material  is  dry. 
noneohesive  (juartz  sand,  a small  amount  of 
thermosetting  plastie  powder  is  mixed  with  the 
dry  sand  as  a means  for  preserving  the  subsurface 
structure  and  surface  geometry.  All  craters  are 
fonned  while  the  .sand  is  in  the  noncohe-sive  state 
and  then  are  cured  at  1.50°C.  The  cured  target 
preserves  all  of  the  impact  features  in  rock-hard 
form  so  that  the  crater  may  be  .sectioned  and  dis- 
s(M-t<Hl  for  detailed  study. 

CRATERING  MECHANICS 

It  is  convenient  to  divide  the  sequence  of  events 
during  the  formation  of  an  impact  crater  into 
tlmK?  .separate  .stages  of  development  that  differ 
with  respect  to  the  physical  processes  taking 
place  and  the  a.s.sociated  time  scale  required  for 
the  proces.ses  to  come  to  completion.  The  three 
stages  of  development  are,  in  order  of  their  oc- 
currence: (1)  a compres.sion  stage,  (2)  an  excava- 
tion stage,  and  (3)  a modification  stage.  The.se 
stages  are  summarized  in  Figure  1 and  are  dis- 
cus.scd  in  detail  in  the  following  paragraphs. 

Compression  stage. — Upon  contact  of  the  pro- 
jectile again.st  the  surface  of  the  target,  a system 
of  shock  waves  is  established  that  provides  the 
mechanism  for  transferring  the  kinetic  energy  of 
the  projectile  into  the  target  material.  Two  shock 
fronts  are  produced,  one  in  the  projectile  and  the 


IMPACT  VELOCITY,  km/sec 

?'ig.  3.  Theoretical  and  experimentally  ob-served  jetting 
veh)cities  for  impact  in  metals  jts  a fiinclioii  <»f  the  impact 
velocity. 


Fig.  4.  Theoretical  jetting  velocities  for  impact  in  rocks  as 
a function  of  the  impact  velocity. 

.second  in  the  target.  As  the  projectile  penetrates 
into  the  target,  the  shock  waves  run  upward  and 
downward  into,  respectiv'ely,  the  jirojectile  and 
target.  Very  early  in  this  stage,  the  .shock-com- 
pressed material  is  limited  to  a small  lens-shaped 
ma.ss  directly  below  the  path  ;>f  penetration  of  the 
f)roje«'tile  (l  ig.  2).  Particle  motion  in  this  com- 
pres.s(Hi  plug  of  target  and  projectile  material  is 
predominantly  downward.  Kea.sonuble  estimates 
for  the  peak  pre.ssure  and  j)article  velocity  in  tin* 
compres.sed  lens  as  a function  of  matr'rial  prop- 
erties and  impact  velocity  (U,)  can  be  made  on 
the  basis  of  one-dimensional  flow  theory  (e.g.. 
(lault  and  Ileitowit.  19G:i).  It  is  sufficient  to  note 
here  that,  for  ty|)ical  geocentric  impact  velocities 
(projectiles  large  enough  to  be  unaffected  by  tin* 
atmosphere),  the  particle  v'clocities  and  pre.ssures 
are,  respectively,  of  the  order  of  10  km 'sec  and  a 
few  megabars.  Because  most  natural  materials 
have  .strengths  less  than  a few  kilobars,  this  early 
|)ha.se  in  the  cratering  proce.ss  takes  place  under 
'■onditions  where  the  deformational  strp.sses  are  at 
least  10*  to  10*  greater  than  the  material  strength. 
ICffectiv'ely,  therefore,  the  compression  stage  is  a 
hydrodynamic,  or  so-calletl  fluid  flow  phase  of 
cratering  (Charters,  1900). 

As  the  projectile  penetrates  more  deei)ly  into 
the  target,  the  shock  waves  engulf  an  ever  increas- 
ing mass  of  the  target  and  projectile.  llow<‘ver,  the 
geometr\'  of  the  shock  wava*  syst<*m  is  drastiiadly 
modified  by  th<‘  |)r<‘senc(*  of  the  free  surfaces  on 
the  face  of  the  target  and  the  sides  of  the  projc'ctih*. 
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5.  All  open  shutter  phtittigntfils  nf  the  hmiinosity  producetl  by  n hypt;rvfl*»nty  inipucl  against  quartz  sand.  Projectile 
irajectory  is  from  right  to  left  ul  an  tingle  of  titi®  to  the  target  surface.  \ote  ihut  the  (uiig  -slrpamers  of  high-speetl 
incandescent  material  jellcil  out  by  the  collision  have  iirtKinml  secondary  iinpact.s  and  incandescence  on  the  (left) 
side  of  t he  vacuum  chatnUT.  :t0  caliber  le-xan  project  ile,  weiglit  0.:i  gram : (1.  ">  km  sec  impact  velocity. 


A free  surface  eamiot  sustain  a state  nf  stri'ss.  10  ® st*eond.  hut  f«ir  iiiittinti  met<‘oritie  laKlios 

Therefore,  its  tlie  shock  waves  race  outward  from  10  ni  to  1 kiu  in  ditnneter,  tlie  fompr<‘.ssiori 

aem.ss  the  ttirjjct  face  and  ii])ward  alonp  tlie  side  stage  would  vary  from  the  order  of  10~*  to  10"‘ 

nf  the  projectile  (set*  Fig.  2).  a family  of  raretae-  seeoiul.  Once  the  projectilt*  is  cotisuinetl  by  shock 

lion  waves  develops  Irehitid  the  shoek.s  a.s  the  wave-s,  the  erateriug  proee.ss  is  l>asieally  one  of 

means  for  decompressing  from  the  higli  pro-s.^un*  gradual  re! axtd ion  from  the  high  stresse.s  jirodueed 

state  ijehind  the  shock  waves  to  ambicn‘ pressure,  during  the  initial  projectile  contael  with  the 

The  first  apiM'araiiee  of  such  ran’faction  wave.s  target.  The  stress  wave  geometry  at  this  stage  is 

heralds  the  on.set  of  ‘‘jetting,"  a liyUrodytiamic  exceedingl.v  eontplex.  with  tlie  flow  pattern  domi- 

ejection  of  mas,-;  at  very  higli  velm  'ies  (Gault  naled  by  a spherically  expanding  shell  of  com- 
et a/.,  ISMkJ).  The  jet  emanates  from  the  region  of  presseel  target  and  projectile  material.  The 

tlie  interface  b"t\vtH‘u  the  eompres.sod  targfd  and 
projectile.  Jetting  velocities  th;it  are  multiple.s 
of  the  original  impact  velocity  are  predicted  by 
theory  and  have  Ikhui  observed  in  (he  laboratory 
(Figs.  3 atid  4J.  The  materia!  that  squirts  out  by 
such  a mechanism  will  have  Ihtii  subjected  to  tlic 
highest  pre.ssiires  and,  hence,  the  liighc^t  tempera- 
tures of  any  of  the  material  ejected  by  the  impact. 

For  iiomimil  imjiact  velocities  in  the  laboratoiy 
((>  to  8 km/secj,  the  jetted  materia!  is  in  the 
liquidous  state  (Fig.  o},  but  at  tbi*  highei  typical 
geoeentric  impaef  velocities,  the  jet  will  also  in- 
clude .lUiHTheaied  vapor. 

The  terminal  [dm.se  of  the  coni|)ression  stage  is 
reached  a.s  the  shock  wave  in  the  jimjectrle  re- 
flects from  the  bark  side  of  the  jirojeetile.  This 
shock  transit  time  in  the  laboratory  i.s  less  than 


EXCAVATION  STAGE 
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Fig.  It.  Sclicinalic  iTprcswiliitio'i  <4  tlie  l•allii^l  exjKiiisina  uf 
luiilcrial  tHiliimi  a slioek  wave  prutl'iceil  by  a hyper- 
vdocity  impael. 


180 


ui  nu^  jm-  >uuarr.^  auu  luirmtam  nnv- 
wavi's  tiu"  sluH'kiHl  material  at  aiul 

just  )K'1mv  ihe  surtax In  be^iu  tu  detltH‘t  laHaall\' 
imlwani  ami  upwaitl;  tliis  is  the  ihitial  phase  in 
l^^uUlp^  up  it>  the  t^jerUnn  uf  the  main 
mass  from  theembryiuiit*  (Tiiier,  It  is  worth  uotini^ 
that  iirobahly  no  more  than  i to  3 of  the  projeetile 
taml  an  equivalent  ntass  of  target  materiaU  is 
subjec^toit  to  the  peak  stresses  ealculattal  from 
the  one  dimonshmal  t)uH>ry.  Karefailion  waves 
eat  into  the  rx^ginn  of  high  pressun^  so  (pu(*kly 
that  oiie-tUnieHsiomi]  flow  isu  valid  approximatioTi 
only  during  the  initial  phasi^  of  the  eompn\<sion 
stag{\ 

Ejravaiton  Althougli  jolt ing  initiates 

ilu^ejeetiun  of  mass  from  mi  embryonie  eratei\  the 
great  bulk  of  material  is  removed  later  iti  the 
eratering  sequence  under  eonditions  of  low  st  nesses 
and  modest  ejei  tiou  veiorilies,  'fhe  basir*  slmek 
wave  geometry  for  this  exeuvation  stage  is  il- 
lustratnl  in  the  left  side  of  Figure  (k  An  approxi- 
mately hemispheri('al  shell  of  eom)>ressed  material 
fnmi  the  terminal  phase  of  the  rnmpressinn  stage 
is  (^xpantbng  radially  imtward,  distributing  the 
kijietif*  energ}^  frmi  tlie  projet^tih^  over  a steadily 
iiH*reasing  mass  of  target  mnieriak  The  shoc^k 
wave  moves  with  u velocity  / ^ and  im[)arts  a 
particle  motion  Uj,  tu  the  n-aterial  thnyugii  whif'h 
it  passes*  Because  this  is  a conservative  systetn 
(be.,  constant  energ}^)  the  overage  etiergy  <h^iisity 
in  the  shocked  material  must  (lecrease  ns  the 
shock  front  expat  ids.  For  this  reason,  at  id  atsf>  as  a 
result  t\f  the  inevemible  conversum  of  internal 
energy  to  heat,  the  ^.hock  vi4fa*ity  and  tlu'  particle 
velotaty  and  pressure  Indund  tlie  shock  front  de- 
crease' very  rapidly  with  iriiTeasing  distance  from 
the  pruut  of  impact. 

The  radial  movement  of  rive  sho(‘k  wav<*  along 
the  face  of  the  targiH  is  accompanied  l>y  a fan  of 
rareftu'l  ioTv  waves  tdnshed  lines  in  Fig,  (>)  in  ordm* 
to  fulflU  tlu'  Itoundary  ctjndition  of  xero  stnw  at 
the  fre<'  surfa<ax  Ahhtmgli  the  rarefaction  fan  is 
shfiwn  as  a series  of  waves,  riu'  expansion 

from  the  compressfxj  stiite  tjebind  tln^  shnt'k  to 
amhi('nt  pressure  is  ai^tnally  ma-otnplishtal  as  a 
euntiinums  profi^ss,  'Phe  st^heinaiic  o‘pr<'S('ntation 
asdisf^rete  waV('>.  hnwev<u',  u>ein!  for  t^Xf)usiiinn 
and  ofn)jhnsixes  I Ini  I a 'Series  nf  r-niinei  ting  isolmrs 
nrvurs  lyehind  I he  '^lioek  wave.  A stress  waV(' 
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Fig,  7.  Sdicomlu*  lepreMaitivtioii  of  the  latenil  flow  sioil 
(if  nmten:4l  from  an  impact  cm  tor. 


geometry  is  ta(aari)v  established  that  tmuls  tu 
divert  the  iiiothai  of  the  shijcked  nuiterial  away 
from  lh('  radial  diret-tion  originally  imparted  by 
the  shoek  wave. 

This  dlverskm  from  radiai  Row  ean  be  illustrated 
by  ndVrring  It)  the'  right  side  t)f  Figure  (5.  Hen\ 
for  ihu.strative  purposes,  a atiitkmary,  hemi- 
splierh’a)  shock  front  and  rarefaction  wave  systetn 
is  assunnxh  with  target  iuaterial  flowing  radially 
in  wan!  with  n velocity  The  flow  first  deceler- 
ates  Ui  a jM^rtide  velocity  ^{p  us  the  material  is 
sluK'K  compressi'd,  and  tlien  sul)seqnently  ue- 
ci'hu^ates  as  ilie  internal  energy  of  compression  is 
converted  buck  to  kinetic  energy  while  flowing 
I^mgressively  from  one  istibar  to  anotIn'r  toward 
the  regifin  vd  ambi(ait  ivressure.  The  direidion  of 
the  particle  motion  i/,>,  Innvevc'r,  is  i-onsistiuitly 
obliciue  tu  tlie  isidnirs.  As  indicatoil  in  the  inset 
in  Figure  6,  mdy  tlie  velotnty  eninponent  of  the 
particle  mfvtion  that  is  ]K'r]>endicuiar  to  an  isohai‘ 
will  experience*  an  acct'kaaliou  it  passes  intu 
the  r<*gion  of  lower  ]>n'ssure.  The  result  is  that 
the  jiartii^k*  mol  inn  is  continually  doftectiHi  toward 
t)u*  <iin'<^tion  fjf  miiximnm  pressure  gradient,  T!ie 
vt'ctfir  <1  ingrains  depict  this  exjninsion  and  ac- 
tH'leralitni  pnn*('ss  fur  both  llic  moving  and  tin* 
stationary  slim^k  wave  systems,  A series  of  im*re- 
nenial  vt'iocity  cinniges  Aio  are  shown  as  the 
c nuribnliims  from  di^i-rete  rmxdatdion  waves, 
'Dk*  tntai  velo<'ity  incnnnenl  Ur  (>nMluevMi  by  all 
tin*  expansion  wav<*s  is  ntideti  ve<anriilly  to 
tu  yield  the  n^sultani  |mrliele  velointy  u,..  I'igni'i*  7 
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Fig.  8,  Cross-st^cUon  of  n crah  r furme<i  hi  huamgeiieoM-^.  iioncnhesivc  quart i .saDd,  if^howing  the  deformationsj  prodiited 
by  the  cmterhig  process  hi  origin  ally  vertical  coliumLS<*f  colomi  Kiind.  :i0  caliber  iexaa  projectile,  normal  incidence, 
5/7  km/sec  impact  velt>eiiy. 


shmv?i  sciiomatirullt'  the  paths  am*  wmild  expetd 
for  i\;o  rt*presefilative  jroint  masst's  that  are 
(gerted  from  tlu*  uirj^et.  As  tin?  shindt  wave  ex- 
pands radially  i>utwardj  particle  nK/Uoii.s  are 
gradunily  defleett^d  upward  towjird  the  fn^e  surface 
under  tlie  infltieuee  of  the  trailing  rarefaetioii 
waves*  Movement  of  target  layers  near  the  surface 
is.  theref(;re,  predominantly  in  the  horizontal 
diavtifni.  By  contrast,  diHqHd^  horizons  and  ma- 
teria! dit'(Mlty  below  the  path  of  j)rf)jeehle  pidie- 
tration  are  first  driven  downward  and  then  de- 
flected upward. 

Although  the  ]>reeeding  diseussion  is  based  on  a 
highly  simplified  cratering  model  in  particni- 
lar,  has  aeglected  dissipative  processes  and  ef- 
fects of  material  strength,  the  salient  features  of 
this  tyi>e  of  flow  have  been  cnnfinnod  fnnn  lahoru- 
tor\^  ijbservations  nf  the  movement  c'f  point  masses 
around  artifieiai  iinpac^t  craters  fornn^.l  in  sand. 
Figum  8 presents  a cross  section  through  a crater 
produced  in  homogenemis,  noncohesive  f[uartz 
sand,  and  Figure  9 shows  the  tola!  movement  of 
point  massifs  around  the  crafiT.  The  limits  for 
apjireeiable  ileformalitm  are  indi(tated,  and  the 
reuh  js  where  materia!  movement  is  basically 
similar  are  identified.  The  realm  of  tangential 
flow  is  confined  to  the  near  surface  huers  and  is 
related  to  the  strong  horizontal  movenumts 
generated  Ly  the  sh^.ck  wave  and  by  the  trailing 
rarefaction  waves  runni  ig  along  tlu'  fnn'  surface. 
Deep  in  tlie  target,  llu^  realm  of  radial  flow  cf)i- 
reiales  with  the  dominant  radial  motion  impartetl 


by  th{*  shock  wave,  A transition  zone  separates 
ihese  two  realms.  The  relatitmship  btdw(?en  these 
How  patterns  and  stnu'ture,s  in  Immogeneons  and 
nonhomogoncous  targets  will  be  discussed  later. 

The  eject  am  of  material  from  an  impact  crater 
is  a surprisingly  orderly  pr(H*es,s.  Figure  iO  is  a 
sequence  of  photographs  for  differcait  intervals  of 
time  after  impat^t  showing  the  ejecta  patterns 
and  crater  growth  in  targets  of  htmiogeneous, 
uoncolu'sive  sand.  Tlie  emhryonii^  tTuter  enlarges 
rapidly  at  first  and  the  cniter  attains  its  final  size 
and  sliai>e  while  considerable  ejeeta  is  still  in  bal- 
listic trajectories  traveling  away  from  the  crater. 
It  is  notable  thatj  during  almost  the  entire  jx^rind 


SAND  MOVEIVIENT  DURING  CRATERING  IN 
A LOOSE  SAND  TARGET 
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Fije,  Flow  diagram  derived  from  a croHs-secti(>n  ^similar 
that  shrmii  in  Figure  8,  sfa>wing  1«tal  movement 
prorluci^l  by  tfic  uratering  process  in  individimi 
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ui' rrait*r  th,  um- th<  ra\  ;ty 

mairMrtins  a ;-haUm\\  umimHrv  tliat  i- 

r^^st^niially  tru*  ^:um'  as  \{<  final  t^inin  flia  rjntMa 
mo\a^  {[\i  and  shaar  nut  lr<im  ilu-  uj)]Ma'  wall  nf  ilit* 
iaivaty  in  a sUnidy  flow  of  inatrrial  that 
de\'olnp<  into  an  invaalnd,  t'ojnf^al-sliujH^d  fiinain 
nf  d^'kris  above  ilie  surfiua^  nf  die  Tarai^t  I'i^. 

ir.  Diiriii*!  die  t ariy  pha><*>  of  i^jei'tion  bnlon* 
t*rater  j^nnvth  is  (*niupl<ue.  v is  impt»ssihlf^  lo 
disdnj^uisfi  or  to  define  a juiu'lure  litawinai  die 
ijottoiu  of  dit'  nuiieal  ojet^la  ein  tain  and  tlie  inru'i' 
wall  nf  the  (aubryojii<*  t*rati‘r:  there  i>  a >niooih 
fnuisition  from  How  tm  the  erater  wall  into  ffnw  in 
tiu^  ejerta  (nirtaiiu  Thv  eject  a eui'tain,  Imwever. 
(juirkly  tears  a]>art  into  a dt^!ii*ale  fihuMentary 
IKittern  that  ultinuUelv'  i>  reH<a*t(ai  in  tiu'  ray  sv>- 
tetu  tiuit  is  so  elturaeteristin  of  ini[)e,ei  evcaits. 
Inhonio^eneilies  in  tla^  target  will  disturb  tliis 
ejeetioii  f»ro(‘ess  amL  as  diseussca!  later,  will  })ro- 
duce  asynimet ries  in  the  throwmit  [>atttuii>. 

It  is  inteiT'sting  to  m>te  that  tlu'  (-rater  formation 
slmwn  in  MguiX'  lU  is  4-ssentially  (^uni]>l(ie  by  lO  * 
sec'fnid  after  impaH.  a time  interval  of  tlu^  ordtu* 
of  lO^  larger  than  that  requirexl  for  tla^  (^om[n't-ssif>ri 
stage,  Th(HU'(^tiral  (‘onsideratii>ns  diat 

eciuivahait  format  ion  times  for  larg<^  plimeiary 
events  should  scale  dir(a*tly  wdtli  tla^  square  rout 
of  the  crater  dinitaisiiMis.  Tims,  for  examjilt-.  it 
estimated  tliat  thi*  M(a(‘or  Crati-r  Anxraia  was 
formed  in  an  interva!  of  tiie  order  nf  lO  se<-onds. 
This  ffirmation  tiiiu\  however,  refers  onW  to  da- 
basil’  i-mter  strueture  ami  ire")>hnhmic  featun-s; 
pheiioiueiia  related  to  atiiiospin  rie  disi urhaiiee^s 
ami  the  flight  of  e|t^r-ta  in  hallistie  t rajet-torii^s 
would  e(»ntimu^  for  nmcti  longer  perioils  of  rime. 

It  stnaiid  also  h<^  emphasiz^Hl  diat  eralcu'  dev'el- 
opineiit  and  ejeela  patterns  for  an  imparl  c‘ven^ 
nvi'  signifieant  ly  different  from  tlmsi^  for  det^ply 
buried  exph»siv(*  eviaits  b-.g..  Johnson  and  Higgins. 
ItHTo,  As  sfiown  sehemalifally  in  l igim*  !2.  ati 
('X[)losive  (Wt^iil  lypieally  begins  witli  a sfJieHc-al 
eom[*r(‘ssi(jn  >tage  from  a point  souret^  of  <^?i(Tgy 
H'hemit-al  (*i‘  luiehxir)*  Thv  splau'ieally  (*\f^anding 
shoi'k  wave  is  reflei*ted  from  the  fna*  snrfa<a‘  iti  the 
region  of  ground  z<’ro  as  a itaision  wavr^  and  im- 
f)aris  to  lhe,su  MirfiHx^  !av(‘r."  a motion  that  is  pn'- 
dmninantly  in  the  v(*rtif-ai  or  near  vert i tail  (hn^e- 
tion.  d1it^  eentral  eavity  that  is  filled  with  the  liigti 


t={).im  sec 


t-[}.nn  sec 


rig.  lU.  injcjtiigiMjifis  </l  I’jeuia  pal  Uni  IS  a net  in:in?j<  fonm'4 
iii  Immiigciieinis  inJiK'otu'?^ive  sami  at  var*un>  iaterviils  u( 
time  filter  Impact  at  iiomia!  iiM-atence  witli  .iU 

c’nlii)cr  IrvKaii  pnijcchlcs.  Nomiimt  imparl  velocilv, 


pressure  gastmus  prodmas  ni  the  t^xplosjon  utnd 
va[)oriz{Hl  roi*k  or  soil)  soon  vents  to  tlu^  (outside 
thnmgli  tears  hi  tin*  d(nmnl  siirfatn*  malerial.  i*>je(*' 
tion  from  the  dtwaJuping  eratm-,  t,.erefore.  is 
:i<-('unii>li>l!ed  i^riniai'ily  by  s)ialIatiori  :unl  l»y 
aca'odynMjuie  protn^’'S.  mutlau'  of  wbi<Ji  have  a 
signihr*ant  nde  in  an  impat  i eveni.  'rini-.  although 
ihvn  ar(‘ moi'pliologii-al  and  slnu-tural  ‘-iruilarit ies 
lietwetm  some  rm-lt-orile  naler>  and  (-raler'^ 
banned  by  dtn^ply  buried  explo.-jves.  shn<J^  wav<‘ 
geoj retry  and  ejef‘tion  proees-e>  are  fundutmaitaliy 


Si  lua 


firj  impact  i\i 


aiti  struetun't  fcaturof^.  Mosst,  if  not  :il!,  of  lh( 
(JiffiTenfrs  are  ittribii table  to  sc  “ effects  {>.g. 
targ,;t  strength)  and  to  post'cratcring  mndifica' 
tion  b>‘  geologic  processes. 

The  primipal  post-eratering  mudificatioti  proe 


different.  On  the  other  hand,  e.\pIosions  at  shallow 
depths  pn>bably  provide  the  l>ost  .simulation  .)f  the 
impact  shuck  wave  geometry  and,  at  the  same 
time,  reduce  any  aerodytianiic  effects  tfi  a mini- 
mum. Detailed  studies  and  comparisons  of  shallow 
e.\pk>.sioii.s  with  impact  /‘raters  are  rc/juired  before 
it  will  be  feasible  to  cf>rrelate  featur/'s  of  impac-t 
ana  explasj/m  evoits.  As  will  be  dj.''Cijs.s/‘d  hiter, 
material  stn'ngth  enters  atiy  such  comjjarisotis  as 
all  import  variable.  It  is  sufficient  to  note  here 
that  rare  must  be  exercisc'd  in  the  inter|>*^'1atu>n 
and  application  of  explosive  cratering  data  to 
natural  impact  structures. 

Mmijicaliftn  »S7«i/e. — As  observ/xl  in  the  labora- 
tory, the  basic  impact -crater  geometry  at  the 
completion  t»f  tht‘  excavatimi  stage  is  a basin- 
shaped depressitui  with  a depth  approximately  1 
U)  5 of  the  rim  diameter.  This  geometry  is  deeper 
than  that  obser\'('d  for  most  large  craters  ami,  in 
addition,  the  laboratory  and  natural  craters  ex- 
hibit other  significant  differences  in  morjihologic 
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i^chemaiic  rt^pmsenttUinti  yt  I he 
Qnif  “ a deeply  burteii  exphksive 
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JMH*  inrhuii^:  0*  >lutii|iai}i  at  i1h' 

jH‘rij)hrnil  riiu  into  \Uv 

i'2^  fiHi  ^ :md  pu>sihtt»  fomutinh  -if  n rmlm) 
iiumv  hv  isnstali^'  adjust nients;  (3'  t>rn^iii!i  and 
ri'siihanl  uililliii^::  and  {4}  lHlin,i2:  material 

dtaivni  innn  intrrfuu 

Sluiu|Hii^  is  firid>atj!y  the  In^st  explanat^mi  fur 
liu-  imeriur  terra«HMl  walls  that  rtiann'ter^/^e  fresh 
Imtar  eratin>i  lari^er  tha.  10  km  to  12  km  in 
diametrr  d|uaidt'  ii  aL.  1!MmK  ( 'otisidtTtnir  dif^ 
fenan  es  in  i^ravitationa!  aeiideratioL  terraf  ing  in 
t^-rn  -tnai  miters  shnulii  tn  rur  laily  in  emters 
largra^  tha"  about  1,7  km  to  2 km  in  dianH*tor, 
assuming  she  strengths  of  juTiar  and  tern\strial 
“target materials  ...e  is^staifiuin  the  samt*.  The 
process  (tf  slumping  also  favors  thf^  forjiatinu  of  a 
rent  mi  uplift.  ih^|K^nding  to  sum(‘  extent 

on  ^Ytle^her  nr  imt  ihe  shmit)  is  the  result  of  sIoih^- 
or  l>Msi*-ty|M*  failure,  Isnstane  adjustments  eould 
further  eiih:ai<'e  any  t*iaitraHy  positirmt:d  aennmi- 
latiuii  of  sluinp-pn«hn’i*il  ruoble  ivpialiy  i^rob- 
aide,  however,  is  die  foniintinn  I'eatral  uplift 
and  raising  of  tht^  entin^  iin  ■^asin  due  to 
is<‘-*t;itir  pmressi\s,  iCIaslit*  n-ooujal  eau^inl  hy 
stn^ss  wavTs  n^flet-ling  ujnvard  from  strata  ilmp 
hetmv  the  crater  ^ Mtditirovuit;  disronTinuity  i *,!so 
has  Imi  sugpestt*ti  as  a mechanism  erater 
moiiifieatiom  liut  its  sign,  *ance  amh  in  faet . tlu^ 
ndalive  importance  -tf  all  of  thi^  propost^d  inotlify-- 
ing  prnt*es,'^i^  reiiuiins  utua^rtaiii.  It  remait's, 
thendtjn  , for  invest igatifms  of  natural  <Taters 
and  siis[K*ctcd  craters  sic  h as  those  descrilH^l  by 
Milton  {thi:i  ro/.,  p.  llo).  Deuce  *t  oi,  \(his  m/,, 
p,  K liiMid>“  Uhh't  nd.,  p.  291  >,  :u  d Stearns 
H al.  Wns  rtti,  p.  to  clarify  the  undci'st  a Tiding 
of  post  “Cl  MfTing  UKxlifica  lions, 

CRATER  STRUCTURES 

'I  he  fl  fonnaiioim!  stnicfurcs  in  the  noneohmve 
Nimi  targets  shown  in  Figures  H anri  9 the 

rrlaliviOy  iincfmhnod  flow  of  the  pariiculate 
material  set  in  motem  by  I lie  complex  pattia'n  of 
stress  wave  prodncf-d  l>y  an  impaci  at  normal 
inckleiice  tf>  the  largiU  siirfn  . Ivach  giain  of 
sand  mnvef!  efleclively  as  a separate  unit  com- 
|)rising  part  of  an  incomi  ' pjasttr^  mass.  Near 
surfaf*e  strata  in  tlr^  renlir  e*  langcfUcd  tl  are 


M0D*FICATt0N  S’^AOE 


IMPACT  BA^iH 


ISOSTATiC  ADJUSTMENT 


Sl^yiiPtNC 


EROSION  AND  INFILL 


Fift-  13,  Suggestetl  prtMres^  for  posi-rrateriug  meilUicat  iun 
of  an  uii|iact  Iv  <iii. 


,snn  Hit  lily  fuIdiHl  upward  and  outwanl,  witii  \hv 
*opmnst  layers  Iwing  nuup]<*tely  overt imuHl,  AH 
the  strata,  Inmiwcr,  retain  tbeir  kleatity,  ]/<w  in 
the  basin  when'  nehal  flmv  [in'iloininates,  tlie  mass 
niovements  an'  primarily  radial  in  ihi'  i*nit(T 
H Hir;  th('  Ix'ds  nn^  disphiced  down  wan!  and  out- 
wan  1 pnxhicing  the  basin-like  stnn^tim\  'small 
sht*ar  folds  are  fn^iuentiy  pn^siait  in  the  (hnvn- 
warpiil  strata,  ri'^nlting  from  mov'-ement,"  along 
I iosi  iv  spaeiHl  disen'te  shear  surface's,  fJrain 
movements  in  the  n^alm  of  transitimi  How  dneated 
at  approximatel\  l>./o  of  the  crater  deptt'  ’ hava*  a 
n'sulTanf  nmtioH  such  that  they  an'  lij  Iriven 
outward  agaiTist  grains  in  tin'  Imrizotital  sfnda 
and  subsi-^nn'nt  ly  di^HecpHl  upwani  tmvanl  the 
surfat'c,  'The  principal  stnu'lure  pOMhiced  in  this 
region  is  aii  asymim*tric  ring  antirliiH'  with  an 
inward  < lipping  axial  surface'.  The'  hingi*  n*gion  of 
t'  e fold  is  ty ideally  tluckon^M, 

Impact  at  obi  it  | no  angk's  in  a honmgeiteniis 
target  nitxlifies  ttie  flow  patterns  of  material  s^u  in 
motion  from  those  just  desrrilK'd.  and  henre.  tne 
stnictural  deformations  an'  diffenml.  'Fhe  main 
efTiH't  of  obliquity  is  the'  departure  frmii  axial 
symmetry  of  tiie  struct uTal  pattern  ti’ig.  14),  A> 
the  angk' fnuii  t he  liorizotital  iH'taunes  smaller,  tie* 
ilegri'i'  of  overturning  it'  the  n'atiu  of  tangi'iitial 
How  Ixa-omes  more  extensive  dow!i-rar;ge  at>d  less 
iO'li'di'vet  >ped  up -range.  The  change  is  most 
readii,  nt^1t'd  on  \]\v  up-rang('  sid(%  wIii'H'  the 
itriginnl  deptli  i*f  tlu'  dee|K'st  beds  now  oviUHiriK'ti 
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H,  Crater  proiliice'^  in  hoini>genp<»m  noncf>hesive  quartz  sand.  Projeelile  trajejlory  from  left  to  right  at  with 
re>|)eet  to  tie  suilaceof  the  target.  Mi  eidiber  lexart  projectile,  km /sec  impact  velocity. 


iJopth  in  the  nonml  pliw*  :tf  the  of  the 

transit  ion  The  binls  in  the  m'stul 

of  tlu'  fold  are  typieiilly  thi«*keiK ti.  In  both 
l ijtures  15  and  lii,  the  pr^sfqiee  of  the  mmpetent 
ImhI  high  in  the  stratigraphic  stHpitsua}  restrieled 
the  normal  tangential  flow  and  divertixl  the 
particulate  nitMton  radially  away  from  the  crater 
t*.  pn>du(e  the  obsf>r\txi  anticlines. 

In  niarketl  contrast,  however,  a single  comix"- 
tent  stratum  di^[>er  in  the  n^alni  of  tangimtial 
flow  iirily  slightly  modifies  the  particulate  move' 
ment  of  the  normal  nnconfiut'ti  flow  pattern  of  the 
homogennms  (Fig,  17),  The  stnictum  prcH 

dnccfi  is  very  similar  In  tluit  formed  in  a loose 
sand  tmget  in  that  ix^ds  above  the  eomixdeiit 
horizon  are  overturned  in  a rtoniiai  manner  The 
<'nmi>ident  \ml  itstaf  is  near  the  crater, 

and  tht^  segment  i^^uwfH'ti  tlie  fraclun'  and  tla^ 


dta’reust*s  n*gulariy  from  atnait  h the  t‘rao*r  depth 
hi  the  nvH'  of  a IMF  impart  to  about  to  the  (*ntter 
tlepth  in  the  c:ist^  of  tiie  30°  impact  ,>hown  in 
figure  14,  At  15"^,  only  the  most  suix^rflidai  t>etls 
are  uvertiinitHl.  ruincident  with  the  piwious 
chu!)ges  an*  the  changt^  in  amphttide  and  ixssithni 
of  the  anticiim  un  the  up-  and  <iown-raiige  sides 
and  differences  in  the  dc^gnH^  of  downwarping  in 
the  reulc’  of  ratiial  How, 

iVfonnationa!  tnielurcs  pHniun^tl  by  vtTtical 
impacts  ill  inhomogeneous  targets  nmsisttng  of 
interlxxld<Hl  c^oin|M*tent  and  incomjH  teiit  strata 
arc  tlapemlent  iqnm  the  iiumfH'r  and  stnitigraphic^ 
of  ‘he  romjHdent  layers  as  w(4l  as  on 
the  degn*e  of  comjHdemx"  lia\.  strength)  of  the 
individual  ImhIs.  A single  competent  layer  at  or 
e^xir  the  surfac<^  strvenOv  restrif*ts  partiiailate 
nmtion  in  tin*  upiHT  part  of  the  realm  of  tangential 
flow.  In  one  (Fig,  loi,  if  has  In^en  ob- 

s«‘r\'txl  tliat  the  tangential  flow  movetl  ipnvard  and 
under  a nmiiKaent  surfai'c  layer  pnnlu<  iTig  a 
well-foimeii  m An^n\  antiflim*. 

Mort^  fmiucaitly,  however,  tlie  surface  lietls 
art'  iipwar|Kxi  but  an'  not  inverted.  Theupwarping 
extfmds  to  a distaiict  of  appnjximateiy  { emter 
radius  bewortd  the  rim  'fig.  Ibi.  Keverse  faults 
cut  the  f^nniK'H'Tit  Iml  near  the  crater  with  dis- 
phuxauents  tiara  He  I to  tlie  tmrmal  direction  of 
tangential  flmv.  An  asymnuUric  ring  auiicliiu'  de- 
velops iinmediaicly  bcni'nlli  the  f*omiK'ieiH  bed 
ami  extend'  thmughout  that  |H?rtion  i*f  f he  >sf»*'tioii 
nfirmally  characierizf'tl  by  ima-i-inl  strata  in  the 
homogi^jHSJUs  target,  'Phe  amiehTu'  flies  nut  in 


g,  ta,  of  crater  fonncii  by  a vertical  impact  it; 

tiihorrogemsms  Ui>nCf:'*mve  quartz  sand.  Xotc  renim- 
boni  nritkiiiie  auderlying  the  anni^it  a'  surUo'c  layer  nl 
the  rirn  the  crater. 
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f ratter  wail  is  rutattni  h»  a near  vertical  attitiule. 
sometimi*s  overt unuti.  sometimes  not.  Reverse 
faiiltitije  in  tlie  eoiHi»et4‘nt  U-d  dtH's  in  a take  [ilaee. 
[;rol)al>!y  because  then*  is  surtieient  ov'erimriieii 
pmsstm*  at  tluw  ih,>ths  to  jin*v;*nt  upward  atiil 
mttwanl  movement  of  the  ttiin  coiajH>tetit  Inal  as  a 
unit.  Nor  is  there  sistnifieant  upwarjiinfE  of  the 
strata  Inwoud  the  liitif^e  of  the  overturmsl  fo'o. 
Strata  l>eiu‘ath  tlie  eom|X'teiit  l>ed  ladtave  simi- 
larly to  stmta  in  a homogene*nis  tarjp**.  ('Xit'pf  for 
{hose  imnuHiiately  aujaeeiit  to  tie  eompeteiit 
layer.  WIm'Ii  the  eomjM'tent  lave**  lies  d<H*p  In  the 
zone  t»f  tangential  flow,  the  1m  's  IxMieath  are  fn*- 
queiitly  itijeeu*tl  in  dike  fonn  tl  “ough  the  aforr- 
menthiiKMl  fnu-tun'.  .\itxiiig  m-utU'ntly  lakt*s  place 


IT.  ('rMier  fttmnst  in  iiihiiiin*Kenetii|s  quarts  sand  with 
maliiple  fom(M*letii  layers  tm  ilw*  left  atid  a sitigie  cotiiiMr- 
ieiit  layer  oti  the  right. 


fractures  in  ovtTlyitig  eomjM-tenl  Utls  is  commo-*, 
often  pnaiueing  isolated  jnM*kets  and  stringers  of 
injt*ett*d  material. 

Cnitered  targets  witli  sinmlati'd  fracture  sy.s- 
teins  are  similar  t*i  tlntsi*  found  in  targets  contain- 
ing interlM'tldctl  coinjM'teut  and  tiicom|M‘tent 
strata,  but  (hey  have  .additional  comple.\ifii*s  iii- 
tnHluml  by  tic*  pmseina*  id  the  simulattHl  faults. 
It  luts  Ixa*  oifes(.n'ed.  for  examph*.  that  the  pn*,s- 
ence  of  fraelun's  influences  the  ejection  pn>*a*ss. 
High  s(xhh1  motion  pictures  show  loops  of  ejecta 
originating  from  the  fractuns  (l*igs.  H)  and  20}. 
I’n*ferentiai  ejection  begins  when  the  expanding 
crater  tt*aches  a given  fraciim*.  As  tlie  cavity  ex- 
l>ands,  ejection  comiimes  pmfenmtiaily  fr>mi  the 
jH tints  of  imers<‘ction  of  the  fractun*  and  the 
crater  wall.  The  velocity  of  ejiaaion  iiecr4*as(*s  as 
the  cavity  expands,  tlius  giving  the  ejecta  derivetl 
from  a line  soum*  a final  ‘ircuate  fonn.  The 
preseina*  of  fnichires  thus  gives  ri.st*  to  amiate- 
sh;i|Mai  coma'iitrations  of  ejecta  which  can  Im*  ex- 
iM’fted  *o  lav  do*vn  on  the  surface  to  pnnbice  htops 


g.  IfK  Cttki^T  fiirmcnl  iit  tiojjothesive 

quart  jt  siitid.  tipwarping  m rrafer  wail  tiiul 

ratling  thr  innl  nrar  I hr  riurf^t^v 


l>eli\wn  the  iiitmding  iind  host  materials  ;is  a 
suit  (>f  fliaotie  flow.  The  intmdiiig  mauTial  thert'- 
fiire  is  full  ml  in  bolariHl  poikels  ami  stringers  in 
tlio  siijMTadja^Tut  strata. 

The  pri'siaut'  of  mult 'pie  ec*m|x^tent  sTnua  in 
the  n^aSm  of  taiigei»li;il  flow  s<n*ereiy  ri^trir:s  thi* 
nunuaMi  unronfiiuHl  partiniUue  iiH>vemeiit 
thnmgbmit  that  and  the  stmetun^s  pruflunai 
art'  quitc^  unlike  thos4»  found  in  honiugemHuis  tar- 
gets. Near  surfaiv  strata  an'  iu>t  nveriurm'^l  l>nt 
are  men4y  utiwririH'd,  sumetimes  smoothly  fl  ig. 
17)  ami  Mimetimes  uhniptly  iitMiut  frartun's, 
1 TiMjutvnfly,  the  rntifiried  ineonijx'n^nt  ta'tls  iioar 
iIh  t-ratiT  art'  thieKeutHl  by  iatiTuk  nulial  flow 
and  an'  eliaotirany  l aiiHing  is  (7>mnif>n 

(ITg.  with  imderlhnisT  ? nilein  the  lower 
levels  and  rc'Vt'iX'  or  tmTlhiUst  faults  <1  iniiuant 
at  higher  lf*vc4s.  Injeetiwu  *>f  imiteriais  thnmgh 


lit,  18.  Trater  fonaetl  in  rui  inhom<  (ptartz  sand 

tnrtfeK  shnwiti^  nvrrthnisls  in  thr  surfan*  layers  and 
iieriei'thrusLs  in  the  dtx'jK'r  strata. 


tinfi  in  thai  imv  <>v<‘rtiirusts  raihiT  timii  n^wrsi' 
faiihs  lend  d<‘Vi*lop  tiijjh  in  ihe  strut igniphir 
with  bji»<*ks  fra(^Ujn*s 

I’luUally  tniin  tlu^  tT:iti*r  tanitiT.  Ftin  fault  surfiu^^s 
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of  the  erater.  Fmeture  systems  eoiLsistinpr  of  two 
lierpendieular  sets  of  fraeture  planes  have  been 
o«ed  in  two  exjieriments  (see  Fig.  20).  lii  one,  a 
•stfuare  erater  was  pnRluetHl  with  the  diagonals  of 
the  square  panillel  to  the  tw«»  directions  of  the 
fractures,  similar  to  the  n'lations  observed  at 
Meteor  Crater,  Arizona.  In  the  se<*ond,  a hexa- 
gonal outline  was  produced.  Additi«>nal  work  is 
underway  to  relate  the  shape  of  the  crater  to  the 
subsurfa<*e,  pre-impact  structure  and  to  the 
material  strength. 

CONaUDING  REMARKS 

The  structural  features  of  natural  impact 
craters  of  the  size  of  Meteor  Crater,  Arizona,  and 
smaller  have  undoubtedly  been  influenced  by  the 
strength  and  inhomogeneities  of  the  targpt  rocks. 
The  upper  limit  beyond  which  tai^t  strength  no 
longer  exerts  a significant  effect  is  not  known. 
Certainly  if  the  scale  is  lai^  enough,  the  rocks  dll 
react  as  though  they  have  essentially  little  or  no 
strength.  The  d^ree  and  type  of  deformation 
around  natural  impact  craters  is,  therefore,  a func- 
tion, first,  of  size  and  second,  of  the  nature  of  the 
target  rocks.  That  is,  effective  strength  is  an  in- 
verse function  of  .size.  Thus,  the  rocks  around 
Meteor  Crater  reacted  as  though  thej'  had  less 
strength  than  those  anmnd  the  Odes.sa  Crater, 
Texas,  although  the  pre-impact  rocks  in  both 
ca.ses  exhibited  .similar  strength  characteristics. 
The  differences  in  the  structure  of  the  rocks 
around  these  craters  is,  in  part,  or,  perhaps,  en- 
tirely an  effect  of  .scale  and  is  not  simply  a result  of 
differences  in  pmjectile  penetration  (Shoe:  laker, 
1963).  Structural  a.symmetry  resulting  from  angu- 
lar impact,  however,  is  not  dependent  on  scale. 
Only  the  defonnation  resulting  from  the  asym- 
metric flow  it.self  is  determined  by  the  effective 
s'.'ength  of  the  taq^et  rock.  It  is  rca.sonable  to 
a.ssume  that,  for  any  crater,  the  asymmetry'  (»f 
structural  patterns  may  provide  a means  for 
identifying  the  directirm  and  possibly  the  angle  of 
projectile  entry. 

Finally , an  appeal  is  made  to  geologists  who  are 
mapping  impact  craters:  record  not  only  the  de- 
tails of  structural  deformations  and  petrologic 
and  mineralogic  changes,  but  also  record  the  de- 
tails of  the  strength  and  degree  of  inhomogeneity 


of  the  pre-impact  target  rucks,  the  details  of  l«H*al 
and  re^onal  fracture  systems  and  the  scale  of 
fracturing,  and  the  details  of  local  stratigraphy, 
including  bed  thicknesses  and  strength  properties. 
A more  thorough  understanding  of  the  formation 
of  the  natural  craters  will  be  possible  when  such 
information  is  available. 
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I.  INTRODUCTION 

Although  much  had  been  accomplished  in  developing  fundamental  concepts  of  geology  before 
the  idea  of  making  geological  maps,  the  work  of  William  Smith  and  some  of  his  friends  (and 
enemies!)  allowed  geological  field  observations  to  be  presented  in  a more  understandable  form  and 
the  science  of  geology  to  develop  in  a more  disciplined  way;  in  addition,  the  technique  of  geological 
mapping  established  a stratigraphic  column. 

The  geological  map  allows  the  geologist  to  represent  his  field  observations  in  a form  that  can 
be  understood  by  others  and  links  observations  made  at  different  and  separate  localities  into  a 
unified  form.  If  the  map  is  well  done,  the  way  in  w hich  a piece  of  country  has  developed  through 
the  geological  ages  to  its  present  form  is  clearly  illustrated.  The  relative  ages  of  the  different  rock 
strata  can  be  determined  by  the  geometrical  relations  and  a picture  of  the  way  that  different 
proces  - have  operated  with  time  can  be  understood.  Put  in  a-  other  way,  a geological  map  is  like  a 
graph  j a physicist:  it  allows  him  to  understand  many  obsei  nations  in  a comprehensive  form  that 
would  be  difficult  without  it. 

F rom  the  preceding  statements  it  is  clear  that  the  technique  of  geological  mapping  is  equally 
appli<  able  to  the  study  of  the  surface  of  any  planet  with  a soUd  surface  when  sufficient  observations 
can  :>e  made.  Indeed,  the  geological  map  can  be  of  great  value  not  only  in  drawing  together 
observations  of  the  surface  but  in  preventing  the  development  of  concepts  of  surface  evolution  that 
only  tike  into  account  SOME  of  the  available  evidence. 


II.  PRINCIPLES  OF  MAPPING 

Despite  this,  many  scientists  - including  some  geologists  — have  argued  that  geological  map- 
ping is  too  subjective  to  be  of  any  value  on  a planet  where  observations  are  largely  made  from 
photographs  and  little  or  no  direct  field  observations  are  possible.  Further,  they  point  out  that  so 
frequently  geologists  cannot  agree  on  how  to  map  areas  on  Earth.  Such  ideas  often  stem  from 
genuine  ignorance  of  the  methods  and  aims  of  geological  mapping. 

A good  map  should  reliably  record  Field  observations  and  should  distinguish  between  these  and 
the  interpretations  which  have  been  made  from  the  observations.  Two  good  maps  of  the  same  area 
may  look  different  in  many  ways,  but  both  may  represent  what  is  actually  present  and  the  maps 
differ  only  in  - for  example  — the  choice  of  geological  boundaries. 

With  this  in  mind,  we  can  look  at  the  geological  mapping  of  planets  and  in  particular,  the 
Moon.  The  first  systematic  mapping  of  the  Moon  was  done  by  the  USGS  (United  States  Geological 
• "'ey).  Ip  order  to  keep  their  maps  as  objective  as  possible,  they  usea  a system  that  was  close  to 
•“  \.nerican  Stratigraphic  Code.  You  will  note  also  that  interpretation  is  kept  separate 
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from  the  descriptions  in  the  key  (e.g.,  Wilhelms  and  McCauley,  1971);  conseoaently,  the  map  still 
stands  as  a good  map  even  if  the  interpretations  of  the  origin  of  the  units  are  wrong 

At  present,  nearly  all  lunar  and  planetary  mapping  is,  perforce,  done  from  spacecraft  pictures 
using  much  the  same  techniques  as  are  used  in  normal  photogeology.  Of  course  this  requires  some 
interpretation  because  it  is  necessary  to  decide  what  represents  a rock  unit,  the  fundamental 
mapping  unit.  This  is  not  such  a great  problem  on  the  Moon  as  it  is  on  the  Earth  or  Mars  because  on 
the  Moon  there  is  no  running  water  or  atmosphere,  nor  are  there  any  climatic  belts.  The  main 
process  that  modifies  the  surface  is  that  of  meteoroid  bombardment,  which  is  a process  that 
operates  almost  uniformly  over  the  whole  surface  of  the  Moon.  Thus,  differences  in  surface  form 
from  one  area  to  another  relate  directly  to  the  underlying  rock,  age,  composition,  lithology  and 
mode  of  formation.  It  should  be  noted  that  a resolution  of  at  least  1 .5  km  is  required  to  do  useful 
stratigraphy. 


III.  STRATIGRAPHY 

Althou^  the  principal  mapping  unit  is  the  rock  unit.  Shoemaker  of  the  USGS  made  a great 
advance  in  the  study  of  the  Moon  by  attempting  to  identify  temporally  distinct  stratigraphic  units 
(fig.  1 ).  This  is  not  at  all  easy  to  do.  as  can  be  discovered  by  studying  the  history  of  lunar  geological 
mapping.  Perhaps  the  most  reliable  of  time  stratigraphic  horizons  is  the  Fra  Mauro  Formation,  the 
unit  surrounding  the  Imbrium  Basin  and  considered  to  represent  the  ejecta  blanket  that  was 
emplaced  when  the  Imbrium  Basin  was  excavated.  Assuming  this  interpretation  to  be  correct,  it 
would  have  been  formed  over  a period  of  only  a few  minutes  and  is  thus  about  the  best  type  of  time 
horizon  that  can  be  found.  The  Fra  Mauro  was  thus  defined  as  the  base  of  one  of  the  systems  on  the 
Moon  known  as  the  IMBRIAN  SYSTEM.  Determining  a top  for  this  system  was  not  so  easy.  This 
was  taken  initially  to  be  the  base  of  the  mare  materials  which  were  included  in  the  next  youngest 
system,  the  PROCELLARIAN  SYSTEM.  This  division  immediately  gave  trouble  because  neither  the 
bottom  nor  the  top  of  this  set  of  rock  units  could  be  considered  as  being  the  same  age  over  the 
entire  Moon.  Thus  it  was  found  convenient  to  change  the  Procellarian  System  to  a group  (rock 
unit)  which  forms  the  upper  part  of  the  Imbrian  System.  There  is  still  the  problem  of  defining  the 
top  of  this  system  because  we  are  still  dealing  with  a rock  unit  whose  top  represents  different  ages. 
The  next  youngest  system  is  the  ERATOSTHENIAN  SYSTEM.  The  base  of  this  system  is  charac- 
terized by  the  oldest  craters  larger  than  about  40  km  in  diameter  that  are  essentially  fresh,  i.e.. 


Opposite: 

Figure  1.-  The  y • . under  full  solar  illumination  (north  at  top).  Although 
surface  detail  . under  full  illumination,  the  albedo  contrasts  are  clearly 
shown  and  the  contacts  of  the  major  geologk  units.  The  pre-Imbrian 
System  includes  part  of  the  hi^er  albedo  highland  terrain  near  the  southern 
limb.  The  Imbrian  System  is  dated  with  respect  to  the  formation  of  the 
Imbrian  Basin,  and  these  units  correspond  to  a large  part  of  the  bri^t  high- 
land terrain  owing  to  enormous  quantities  of  ejecta  produced  by  the  Imbrium 
event.  The  Imbrian  System  also  includes  most  of  the  dark  maria.  The 
Emtosthenian  System  includes  large  craters  that  have  lost  their  bri^t  rays 
and  dark  mare  units  that  overly  these  craters.  At  the  top  of  the  stndgnqthic 
column,  the  Copemican  System  Oxhides  the  most  recent  bri^t-rayed  craters. 
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retaining  most  of  their  originrj  features,  but  lack  the  bright  rays,  which  have  been  erased  through 
degradation.  Thus  mare  material  that  overlies  craters  of  this  type  is  considered  to  be  Eratosthenian 
in  age  rather  than  Imbrian.  The  youngest  system  on  the  Moon,  the  COPERNICAN  SYSTEM, 
includes  all  events  that  have  occurred  since  the  formation  of  large,  rayed  craters  that  currently  are 
old  enough  just  to  have  lost  their  rays.  The  results  of  the  USGS  mapping  > .gram  for  the  near  side 
of  the  Moon  are  summarized  on  the  map  by  Wilhelms  and  McCauley  tl971)  and  the  historical 
development  of  the  lunar  surface  based  on  this  mapping  is  illustrated  in  figures  1 -3  (Wilhelms  and 
Davis,  1971). 


IV.  GEOLOGICAL  MAPPING  AS  AN  AID  TO  UNDERSTANDING  GEOLOGICAL  PROCESS 

Imperfect  though  this  system  of  time  stratigraphy  is,  it  helps  considerably  in  understanding  the 
Moon’s  surface  evolution. 

Geological  mapping  also  can  be  used  as  an  aid  for  detailed  studies  of  a particular  phenomenon, 
such  as  the  formation  of  an  ejecta  blanket  around  an  impact  crater.  Geologists  are  usually  con- 
cerned with  rock  units  that  have  been  formed  over  long  periods  of  geological  time.  In  the  case  of  an 
impact  crater,  however,  all  the  geological  units  may  have  formed  in  just  a few  minutes.  Nevertheless, 
the  technique  of  geological  mapping  can  be  of  great  importance  in  determining  the  geometrical 
relations  of  the  individual  rock  units  that  make  up  the  ejecta  blanket,  relations  that  aid  in  inter- 
preting the  manner  in  which  an  impact  crater  is  formed. 

Mapping  on  the  planet  Mercury  may  well  be  much  like  that  on  the  Moon.  Mars,  however, 
presents  its  own  problems,  particularly  those  of  recognizing  rock  units.  If  one  attempts  to  map  areas 
that  are  morphologically  similar,  there  is  danger  that  one  is  mapping  areas  that  have  suffered  similar 
geomorphological  processes,  and  such  areas  may  in  no  way  represent  rock  units.  Such  a map  may  be 
termed  a terrain  map  and  should  be  recognized  as  such.  It  is  thus  important  when  mapping  Mars  to 
determine  characteristics  that  allow  rock  units  to  be  recognized. 


V.  RECOGNITION  OF  DIFFERENT  ROCK  UNITS  ON  THE  MOON 

Following  the  principle  that  on  the  Moon  surface  characteristics  distinguish  between  rock 
units,  map  boundaries  are  identified  by  changes  in  appearance  from  one  area  to  another.  In  some 
cases  changes  are  gradational  and  the  boundary  must  be  chosen  arbitrarily  in  much  the  same  way  as 
the  edge  for  alluvium  deposit  is  mapped  on  Earth.  However,  where  a gradational  boundary  is 
mapped,  the  criteria  chosen  for  the  boundary  must  be  defined  and  followed  systematically.  An 
example  of  this  situation  is  the  outer  edge  of  a continuous  ejecta  blanket  which  grades  into 
discontinuous  ejecta.  In  this  case  a convenient  position  for  the  boundary  is  where  the  surrounding 
secondary  craters  become  subdued  in  form  at  the  edge  of  the  blanket. 

Mountain  forming  units  are  easily  recognized,  but  often  missed  are  intermountain  units  which 
often  present  a rugged  surface  and  form  a separate  unit  occupying  depressed  areas  between  the 
mountains.  On  the  other  hand,  where  mountains  occur  in  essentially  level  areas,  the  age  relations  are 
not  always  clear  as  there  may  be  old  rocks  projecting  through  the  plains  or  they  may  be  younger 
units  emplaced  above  the  olains.  The  former  case  can  usually  be  detected  when  the  mountains 
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become  more  numerous  towards  the  outer  boundary  of  the  plains  and  the  plains  are  seen  to «.  /erlie 
a mountainous  terrain. 

Within  plains  units  themselves,  different  surface  textures  will  often  denote  separate  rock  units 
and  differences  in  crater  density  will  indicate  different  ages  under  most  circumstances. 

In  dealing  with  craters,  overlap  relations  will  often  give  relative  ages,  but  in  many  areas, 
especially  in  the  highlands  where  there  are  few  other  extensive  units  to  take  as  “key”  horizons, 
other  techniques  must  be  used  to  obtain  relative  ages.  The  most  useful  method  is  that  devised  by 
Offleld  and  Pohn  (1970),  who  determined  a crater  denudation  chronology,  defining  criteria  for 
distinguishing  denuded  craters  of  different  relative  ages.  This  paper  deserves  careful  study. 

H.  H.  Read  once  said  “that  the  best  geologist  was  the  one  who  had  seen  the  most  rocks.”  In 
geological  mapping,  experience  is  the  best  tutor  and  much  can  be  learned  about  the  Moon  by 
attempting  to  construct  maps  for  oneself  as  well  as  taking  other  people's  maps,  such  as  those 
produced  by  the  USGS  for  the  Moon,  and  comparing  them  with  the  relevant  pictures.  This  practice 
of  making  maps  is  a good  constructive  way  for  students  to  familiarize  themselves  with  the  surface  of 
the  Moon. 
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Introduction 


This  paper  attempts  to  convey  the  experience  accumulated  in  the  11  years  of 
the  U.S.  Geological  Survey's  lunar  geologi:  mapping  program to  geologists  who 
contemplate  mapping  the  Moon»  Mars,  or  any  other  planetary  body  with  a visible 
solid  surface.  This  is  done  in  general  terms  in  Part  I,  where  I stress  that  lunar 
geologic  mapping  is  similar  in  philosophy  and  principle,  as  well  as  in  many  details 
of  method,  to  terrestrial  geologic  mapping.  We  have  transferred  what  we  learned 
on  the  first  planet  mapped  geologically,  t’-e  Earth,  to  the  second,  the  Moon.  Since 
this  transfer  has  been  successful  in  advancing  lunar  science,  we  can  extend  the 
same  methods  to  other  planets  without  changing  our  approach  or  methods,  just  as 
we  have  not  changed  the  name  of  our  science  from  geology  to  "se lenoiogy"  ( see  for 
example,  Ronca,  1965).  In  Part  II,  I give  detailed  guidelines  for  constructing 
maps,  with  the  intention  not  of  dir*-ating  procedures  but  of  avoiding  re-inventions 
of  techniques  already  proven  to  >?  successful  or  unsuccessful.  The  same  inten- 
tion led  to  the  inclusion  of  Part  ill,  a history  of  the  Survey's  lunar  mapping 
program,  which  although  generally  successful  and  a worthy  model  for  future  pro- 
grams, inc  luded  a number  of  mistakes  that  should  not  be  repeated. 

Why  do  we  attempt  geological  mapping  of  other  planets  when  photographs--of ten 
very  poor  ones — are  the  only  data  available?  Presumably  we  wish  to  learn  the 
planet's  three-dimensional  make-up,  its  formative  and  modifying  processes,  and  its 
history,  including  origin  and  subsequent  evolution.  Some  kinds  of  data,  such  as 
chemical  composition  and  absolute  ages,  have  to  be  collected  on  the  planet  itself. 
But  many  things  cannot  be  learned  on  the  ground,  given  any  less  than  an  extrava- 
gant expense  of  resources  and  time,  but  they  can  be  learned  from  photographs  to  a 
considerable  extent.  These  include  the  structure  of  the  whole  planet  and  the  geo- 
metric relations,  areal  distribution,  and  sequence  of  formation  of  its  crustal 
elements.  Besides  being  important  in  its  ovm  right,  this  knowledge  of  the  planet- 
wide framework  is  essential  for  determining  the  setting  of  the  tiny  spot  samples 
examined  or  collected  on  the  surface  (Carr,  1970,  p.  5).  This  progression  from 
gros^'  to  fine-scale  analyses  is  actually  more  desirable  and  efficient  than  the 
opposite  one  used  on  Earth. 

Requisites  for  Planetary  Mapping 

Geologic  mapping  is  a difficult,  time-consuming  exercise  for  which  some 
geologists  are  better  suited  than  others.  The  answ  r to  the  question  of  who  will 
be  an  effective  planetary  mapper  has  become  i'lcreasingly  clear  to  me  in  the  eight 
years  I have  been  examining  lunar  geologic  maps.  The  best  maps  have  been  pro- 
duced by  experienced  field  geologi  t who  understand  the  purpose,  strengths,  and 
limitations  of  geologic  maps;  who  see  their  utility  in  lunar  and  planetary  studies 


y The  great  bulk  of  this  program  was  conducted  as  supporting  research  for  the 
National  Aeronautics  and  Space  Administration's  lunar  exploration  program 
under  Contract  Nos.  R-66  and  W- 13, 130.  The  present  report  was  prepared  for 
the  Planetology  Programs  Office  under  NASA  Contract  No,  W- 13, 204. 
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even  In  the  absence  of  final  data;  who  are  willing  to  apply  their  research  methods 
and  understanding  of  terrestrial  geologic  relations  and  processes  to  other  planets; 
who  are  patient  and  careful;  and  who  have  no  hangups  about  extra-terrestrial  bodies. 
There  is  a close  empirical  correlation  in  quality  between  a geologist's  lunar  and 
terrestrial  maps.  Geologists  who  have  made  at  least  one  complete  and  good  terres- 
trial map  from  field  studies  generally  have  been  able  to  make  good  lunar  geologic 
maps,  if  they  wanted  to.  Some  good  geologists  '^ave  made  inferior  lunar  maps  be- 
cause they  just  couldn't  see  the  point  of  it  or  were  unable  to  transfer  what  th*y 
learned  on  Earth  to  the  Moon.  So  far,  lunar  mapping  has  been  primarily  inductive 
in  its  approach  and  based  on  the  principles  of  stratigraphy,  and  dependent  for  unit 
definition  on  geometric  relations  and  topographic  properties.  Fancy  quantitative 
’’remote  sensing"  analyses  have  not  played  an  important  role  ii'  the  wor«t.  Plane- 
tary mapping,  than,  is  not  for  non-geologists  or  for  geologists  who  have  rejected 
the  traditions  of  their  science,  and  expect  to  get  real  results  qui  by  machines 
and  numbers;  a planet  is  too  complex  to  be  studied  er;lusively  by  quantitative 
analyses,  though  these  are  of  cou.:se  essential  fc'-  many  purposes.^/  One  must  ex- 
pect primarily  to  gather  facts,  and  to  advance  sl.»iy  to  understanding,  i.ot  to 
suddenly  comprehend  the  origin  of  the  subject  planet  or  the  Solar  System-  If  one 
is  suited  tc  this  discipline  end  sufficiently  patient,  he  can  garner  substantial 
satisfaction  from  his  labors  as  order  emerges  and  the  planet  at  last  becomes  com- 
prehensible. 
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PART  1 


RATIONALE  AND  GENERAL  METHODS  OF  U’NAR  GEOLOGIC  MAPPING 


Geologic  Units  end  the  Principles  of  S«.  luence 

Luner  capping  as  practiced  by  the  Survey  depends  on  - vital  concept  derived 
fro«  terrestrial  stratigraphic  practice:  That  the  crust  is  composed  of  discrete, 

three-dlaensional  bodies  of  rock  called  geologic  units,  each  having  limited  verti- 
cal and  h‘ rizontal  extent.  The  geometric  relations  among  units  record  their  se- 
quence of  formation:  younger  rocks  are  deposited  upon,  or  intrude,  older  rocks. 

Most  non-geologists  and  even  many  geologists  seem  surprised  at  first  that  planets 
can  be  studied  productively  from  so  simple  a perspective.  We  knov,  ho%rever,  that 
no  planet  made  of  solid  material  can  be  totally  homogeneous  or  randomly  hetero- 
geneous. Recorded  on  its  surface  in  the  form  of  discrete  rock  masses  arranged  in 
complex  overlapping  sequences  are  the  events  which  have  shaped  that  surface — impacts 
that  throw  ont  blankets  of  bedded  ejecta  upot4  older  terrain,  and,  for  large  plaaets, 
the  volcanistt  that  builds  stratified  flows,  cones,  domes  and  the  like.  This  con- 
cept of  discrete  mappable  units  occupying  specific  stratigraphic  positions  is  an 
essential  research  tool;  it  reduces  the  enormous  complexity  of  a planetary  crust 
to  coeiprehensible  proportions,  and  allows  without  field  examination  ouch  to  be 
learned  about  the  structure,  history,  and  formative  processes  of  a planet's  surface. 

The  process  of  recognizing  the  geologic  units  which  compose  a planet  is  straight- 
forvard  in  principle.  One  tries  to  block  out  units  ^ach  of  which  fonaed,  relative 
to  its  neighboring  units,  (a)  by  a discrete  process,  and  (b)  in  a discrete  time  in- 
terval. Unity  of  formative  process  is  infc  *red  from  a distinctive  texture--ridges , 
hillocks,  lobes,  pits,  complete  sox>othness,  etc. --that  occurs  uniformly  over  an  ex- 
tensive area,  or  varies  regularly,  as  in  a symDetr.cal  array  about  a negative  or 
positive  landform.  A uniform  or  regularly  varying  ^ Ibedo  pattern  conDonly  accom- 
panies the  topographic  pattern.  For  example,  cra*^^r  rim  material,  with  its  concen- 
tric arcuate  humancks  close  to  the  crater  and  radial  ridgea  farther  out,  probably 
was  fonaed  by  a single  event,  eject ion  from  the  cr.tcr  (fig.  la).  Other  types  of 
units  include  a patch  of  mare  or  light  p la  inf  with  a smooth  surface  and  uniform 
albedo,  a dome  with  uniform  ridged  texture  (fig.  lb),  a cluster  of  hills  and  ^urrov- 
ilke  craters  having  e distinctive,  uniform,  ar4d  repetitive  pattern  (fig.  lc>  , and  a 
mantle  of  unlfcrm  albedo  superposed  on  dixerse  underlying  terrain  (fig.  Id).  The 
uniform  or  regularly  varying  pattern  may  be  broken  up  by  younger  units  or  struc- 
tures, so  th?t  the  coqiolete  distribution  of  the  unit  must  be  mapped  to  identify  it 
as  a unit.  One  tests  the  likelihood  of  unity  of  fo'*  it  ion  by  asking,  "Can  wh.ai  I 
see  be  explained  by  laterally  continuous  rock  bodies?" 

Once  units  arc  recognizer*,  the  procedure  ot  determining  their  age  relative  to 
their  neighboring  units  is  even  simpler,  although  it  is  at  the  heart  of  the  geolovit 
approach^ which  is  essentially  historical  and  distinct  fiom  the  approach  of  many 
other  sciencta.  This  xrocedur-*  relies  on  the  principles  rf  sequence.  Because  ttnpjr.il 
relations  are  expressed  as  thre  -dimensional  spatial  relations,  these  can  cotnr.only 
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b€  seen  in  the  areal  patterr  of  the  units  and  their  surface  contact  relations:  a 

younger  unit  overlaps  or  eabays  an  older  unit;  the  contact  of  a younger  unit  cuts 
across  the  contact  between  two  older  units.  In  a conmonly  cited  exaaple  that  clear 
ly  deaonstrates  lunar  stratigraphic  aethods  (fig.  2)  (v'.lhelas»  1970,  p.  F7-FI0): 
Copernicus  obviously  is  younger  than  the  mate  material  around  It  because  Its  rim 
material,  secondary  craters,  and  rays  cross  the  mare  material  in  an  unbroken  pat- 
tern; on  the  other  hand,  mare  material  fills  and  embays  «.rchimedes,  and  truncates 
the  contact  between  its  ejecta  and  the  underlying  plains,  so  is  younger  than  Arch- 
imedes. 

It  is  inportant  to  note  that  the  concept  that  parts  of  a unit  formed  in  **about 
the  same  way,**  is  meant  in  very  general  terms:  origin  by  ejection  of  material 

from  a central  source;  or  by  eag>Iacement  as  fluid  flows  or  by  viscous  extrusion. 

One  nay  not  know  whether  ejection  or  emplaceamnt  occurred  by  an  impact  or  volcanic 
mechanism.  Detal]*^  of  origin  and  composition  must  await  dixect  exploration,  or 
sophisticated  and  autious  comparison  of  lunar  features  with  terrestrial  analogs 
and  laboratory  models  (Mutch,  1970,  p.  59-62  gives  a list  of  warnings  about  use  of 
analogs).  Therefore  units  should  always  be  mapped  as  objectively  as  possible  on 
the  basis  of  reproducible  physical  criteria.  But  each  unit  is  napped  as  such  on 
the  basis  of  a geologic  judgement  that  it  has  unity  of  origin  and  age. 

It  should  also  be  emphasized  at  this  point  that,  although  we  use  topographic 
characteristics  more  than  any  other  property  to  define  units  (Wilhelms,  1970,  p. 

F6) , we  attempt  to  map  materials,  not  physiographic  forms;  the  crater  rim  material, 
not  the  crater,  which  is  just  a hole.  And  similarly  for  plains;  on  Earth  plains 
may  be  formed  by  erosion  or  by  sedimentation  but  on  the  Noon  they  are  probably 
formed  by  deposition  of  materials  (lava  or  rock  fragments)  whose  intrinsic  mobility 
caused  them  to  assume  flat  surfaces.  So  lunar  mapping  is  not  geomorphology,  but 
rather  an  attempt  at  stratigraphy,even  by  its  strict  definition  as  the  study  of 
layered  rocks,  although  few  cross  sections  through  layers  can  b^  observed  (Mutch, 
1970,  p.  259-261)  because  of  the  nature  of  the  Moon  itself. 

The  degree  of  exactness  achieved  in  identifying  units — how  "discrete"  the 
process  and  time  interval  of  formation — will  vary  widely  with  the  character  of 
units  and  quality  of  available  data.  The  foregoing  guidelines  to  lunar  mapping 
can  probably  be  applied  readily  by  most  students  in  well  photographed,  relatively 
fresh  terranes — about  late  Imbrian  and  younger --where  true  stratigraphic  units  can 
be  recognized  from  their  primary  characteristics  such  as  crater  rim  hummocks,  ridge 
cr  mare  flow  lobes.  It  Is  In  older,  subdued-appearing  terranes  where  this  approach 
encounters  harder  going.  In  such  terranes,  primary  textures  and  surfaces  are  not 
always  visible,  and  we  may  have  to  be  content  with  defining  units  by  superposed 
crater  populations,  erosional  morphology,  or  other  secondary  character is tics--a 
practice  which  is  justifiably  frowned  on  in  terrestrial  stratigraphy.  Secondary 
characteristics,  unfortunately,  might  be  equally  developed  on  quite  different  units 
which  remain  undetected;  that  Is,  we  might  recognize  and  map  in  these  situations 
only  physiographic,  not  rock-stratigraphic,  units, Nevertheless,  partial  strat- 

y Note  added  in  proof:  Preliminary  Apollo  16  rock  analyses  suggest  that  this 

happened  at  the  Descartes  site  (fig,  Ic) . The  distinctive  pits  that  character- 
ize the  **Descartes-type”  unit  may  be  superposed  on  unrelated,  older,  possibly 
polygenetic,  terrane. 


icus-Arcilimedcs  region, 
le-rc'SoUit  ion  frame  126 


4 

b.  Geologic  map  of  same  area  (after  Wilhelms 
and  McCauley,  1971).  Units  are  numbered  from 
oldest  (1)  to  youngest  (6).  The  contacts  of 
each  successively  younger  unit  cut  across  those 
of  older  units.  Unit  6 is  known  to  be  younger 
than  unit  5 because  its  radial  rays  are  super- 
posed on  unit  5. 
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tgraphtc  sequences  can  usually  be  out  in  old  terranes  by  overlap  and  tran* 

section  relations*  inainly  among  crater  rims  and  plains.  This  is  possible  if  one 
makes  the  reasonable  assumption  that  in  a general  sense  uniformitatrianism  is 
applicable  to  the  Moon- -that  older  terranes  are  likely  to  be  degraded  equivalents 
of  younger,  demonstrably  bedded  ones  i f 3)<  Lunar  s trat igraphers  will  not 
object  if  the  mental  process  that  imagines  the  conversion  of  young  forms  to  old  is 
considered  geomorphology,  so  long  as  one  keeps  In  mind  the  probable  bedded  nature 
of  even  the  oldest  terrane  and  thinks  s t rat (graph lea lly, 

Corre lotions 

To  build  a geologic  picture  on  a planet-wide  basis,  the  individual.  Local  units 
must  be  correlated  and  related  to  the  total  stratigraphic  record.  The  most  rigorous 
method  tn  lunar  stratigraphy,  as  in  terrestrial,  is  use  of  extensive  and  synchronous 
datum  planes*  The  best  ones  on  the  Moon  are  the  ejecta  blankets  and  secondary  im- 
pact craters  of  the  Imbrium,  Orientale,  and  Kectaris  basins*  The  mare  ctaterlal  is 
r;lso  useful  though  not  quite  so  synchronous*  Synchronous  materials  of  large  young 
craters,  including  their  secondary  impact  craters,  are  also  useful  over  smaller 
but  still  considerable  regions*—^  Many  lunar  units  have  been  dated  as  younger  or 
older  than  these  units,  and  the  fo! loving  four  principal  subdivisions  of  lunar 
stratigraphy,  first  worked  out  in  the  Copern icus-Arctiimedes  region  (Shoemaker  and 
Hackman,  1962)  and  somewhat  modified  later  {McCauley,  1967;  Wilhelms,  1970),  have 
been  established:  Coper ni can  System,  ray-crater  material  and  contemporaneous  mate^ 

rials;  Eratosthenian  System,  materials  older  than  ray-crater  material  but  younger 
than  the  bulk  of  the  mare  material;  Imbrian  System,  everything  from  th-:?  bulk  of  the 
mare  material  down  through  the  Imbrium  basin  ejecta  blanket  (a  considerable  volume 
of  material);  pre-Imbrian,  everything  older  than  the  Imbrium  basin  ejecta  blanket. 
h niove  is  now  afoot  to  subdivide  the  pre-lmbrian  on  the  basis  of  the  ejecta  and 
materials  of  the  Nectaris  basin. 

Extrapolations  necessary  in  the  absence  ot  these  regional  units  ace  made  by: 

(I)  density  of  superposed  craters,  and  (2)  correlations  of  morphology  with  age. 
Relative  (and  absolute)  age  determination  by  means  of  crater  population  is  a favor- 
ite topic  In  the  literature  (for  exampl?  see  Mutch,  1970.  p,  263-27D)  and  will  not 
be  discussed  further  here,  except  to  c -ution  against  misleading  conclusions  resul- 
ting from  the  very  large  percentage  of  lunar  craters  that  are  secondary  impact  cra- 
ters, Morphology  of  c:*_!i^rc  has  come  into  wide  use  in  extrapolation  since  the  ad- 
vent of  Lunar  Orbiter  photographs  ( Pohn  and  Of  fie  Id,  1970;  irask,  I97f);  Soderblort 
and  Lebofsky,  1972).  Ago  correlations  are  ma<^e  by  comparing  morphology  of  isolated 
craters  with  rsorphology  of  craters  previously  dated  relative  to  one  of  the  regional 
datum  planer,  under  the  assumption  that  morphology  partly  indicates  state  of  pres- 
ervation, As  noted  above r ^ fundan«ntai  observation  of  lunar  stratigraphy  is  that 
a kind  of  unlformitar ianism  applies : that  craters  and  other  landfoms  are  fresh 

1/  The  uriliry  ol  crater  materials  as  strict  igraphic  t*  turn  planes  is  reduced  by  the 
fact  that  their  lower  and  upper  surf.\ce&  are  randomly  placed  unconformities, 
rn  particular,  the  most  extensive  an!  easiJy  dated  crater  materials,  the  young 
ones,  usually  have  a free  surface  that  is  of  little  stratigraphic  use  i Mutch, 
1970,  p.  164-lbS), 
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Figure  3, --Comparison  of  old  and  young  terranes.  The  crater 
Tychoj left ^ (85  km  diameter)  is  surrounded  by  a sharply 
hummocky  rim,  f inely^textured  radial  ejecta,  and  swarms  of 
secondary  impact  craters*  These  have  greatly  affected  the 
topography  of  the  nearby  crater  rims  and  of  their  planar 
floor  material.  Lunar  unlformltarianisTn  suggests  that  the 
Tycho“Si^e  crater  on  the  right  (Orontius)  and  the  nedium- 
sized  crafcri^  were  once  surrounded  by  similar  sharpty 
textured  materials  that  similarly  affected  their  neighbor* 
hoods,  but  these  effects  have  vanished*  Presumably,  how* 
ever,  the  crater  materials  and  old  plains  are  still  present 
but  have  been  complexly  degraded  and  mixed  into  their 
present  characterless  shape  by  repetitive  cratering-  So 
old  terranes  are  composed  of  sequences  just  as  complex  as 
in  young  terranes,  but  the  nature  of  the  components  must 
be  inferred  by  analogy.  Lunar  Orbiter  IV  frame  11-119, 
f ramelets  003-022* 


4 

i..  ■'  '-ii  a 

when  youngs  and  becotise  degraded  wi£h  tieae  (Wilhelms  and  McCauley,  1971,  pamphlet)* 
Although  less  desirable  than  more  direct  stratigraphic  nechods  (using  regional 
blankets  as  marker  horizons  or  superposition  and  intersection  relations),  the 
dating  of  craters  by  their  physiographic  appearance  works  well  in  practice  if  age 
categories  are  not  too  finely  drawn*  Craters  used  this  way  are,  in  a sense,  the 
"guide  fossils"  of  lunar  stratigraphy*  The  results  are  consistent  with  established 
stratigraphic  relations  where  they  can  be  tested*  For  example,  no  severely  de- 
graded craters  of  the  type  assigned  to  the  pre-Ictbrian  can  be  Identified  on  either 
the  Imbrlum  or  the  Qrientale  clrcumbasln  blankets,  both  of  Imbrlan  age* 

Avoiding  the  Interpretive  Bias 

The  Survey,  reacting  to  the  sub-scientific  state  of  osuch  lunar  geologic  and 
parageo logic  literature  before  1960,  has  made  a great  effort  to  inap  ob jectlvely^r 
We  have  insisted  on  reproducible  lines;  the  reason  for  their  placecaent  must  be 
fairly  obvious  to  other  workers  viewing  the  same  photographic  data*  Unit  names 
must  be  objective,  not  Interpretive --“crater  material,"  not  “Impact  ejecta"  or 
'Volcanic  rocks*"  Units  must  be  objectively  described  on  the  basis  of  physical 
characteristics,  so  that  other  workers  can  Identify  them;  definitions  must  be 
straightforward,  not  contrived  to  fit  a tortuous  interpretive  maze*  The  description 
of  defining  characteristics  must  be  separated  clearly  from  discussion  of  genetic 
interpretations,  In  two  separate  paragraphs  under  the  unit's  box  in  the  explana- 
tion. Age  assignment  must  also  be  based  on  reproducible  criteria,  which  must  be 
stated*  Rock  and  time  units  must  be  separated.  Entire  quadrangles  or  regions 
tnust  be  mapped,  so  that  everything  present  has  to  be  taken  into  account,  not  only 
objects  of  special  interest  (odd  craters,  sinuous  rilles,  lineaments,  etc*)  that 
contain  only  those  elements  which  nourish  special  prejudices*  (The  Earth-analog 
game  has  very  frequently  been  played  this  way,  by  very  sloppy  rules*)  Cross 
sections  though  highly  interpretive,  should  be  drawn,  as  on  Earth,  if  for  no 
other  reason  than  to  test  the  map  relations* 

To  be  sure,  there  is  considerable  latitude  for  differences  of  opinion  even 
within  these  tight  guidelines  and  within  the  constraint  of  mapping  material  units 
ranked  strati  graphic  ally.  In  fact,  no  two  people  are  going  to  draw  lines  i:xactly 
the  same  way- -though  It  ie  remarkable,  perhaps,  how  closely  similar  the  lines  of 
two  experienced  mappers  usually  are  (compare,  figs.  4a  and  4b>*  Lines  might 

be  drawn  in  several  equally  reproducible  ways,  because  of  differing  opinions  about 
which  units  are  i t rat tgraph leal ly  significant-- for  example,  a thin  overlying  mantle 
or  a buried,  but  still  strongly  expressed,  crater  rim;  in  this  case  two  workers 
may  agree  exactly  on  the  observation,  but  not  on  the  map  portrayal*  There  Is,  of 
course,  some  difference  of  opinion  about  relative  age  of  units,  even  among  people 
applying  the  same  criteria*  There  is  difference  in  artistic  sty It --smooth  or 
jagged  lines — and  in  "lumping"  versus  "splitting."  But  all  of  these  differences 
also  occur  in  terrestrial  geology*  Lunar  mapping  ha»  strayed  unacceptably  far 
from  Survey  guidelines  only  when  a strong  interpretive  bias  has  made  maps  unread- 
able by  a mapper ‘s  colleagues;  two  maps  have  been  candidates  for  rejection  for 
this  reason,— 

1/  Foutnite--see  next  page. 
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i:>n  of  tfie  Montc-^  Apenniniis 
J,  ll£2ckman  (196b), 


iS*S#R*  (b)  maps  of  the  same  region, 
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b,  GGDlogtc-marphologic  map  and  profile  of  the  region 
of  the  cirque  Archimedes  and  the  mountainous  Aponninc 
massif,  by  A.  C.  Sukhanov  and  V.  G.  Trifonov  (in 
Pe ive ^ ed * , 1969) , Prof i ie  extends  beyond  map  area 
and  is  at  a somewhat  smaller  scale. 


To  eliminate  all  interpretive  bias,  there  has  been  a continuing  attempt  to 
quantitize  lunar  properties  for  use  in  hard,  reproducible  unit  descriptions. 

The  most  useful  easily  measurable  property  has  been  albedo,  Pohn  and  Wildey  (1970) 
photometrically  distinguish  20  normal  albedo  steps.  From  5 to  10  have  been  used  on 
lunar  maps.  But  on  the  1:5 ,000,0C0-scale  near-side  map  (Wilhelms  and  McCauley,  1971) 
only  two--dark  and  light--were  used.  This  dichotomy  could  indicate  a basic  two- 
fold compositional  dichotomy--maf ic  and  felsic.  Other  albedo  steps  may  represent 
additional  compositional  variations  or  degree  of  exposure  of  fresh  rock.  In  any 
case,  albedo  variations  whether  fully  understood  or  not,  can  be  used  to  help 
characterize  units. 

Besides  albedo,  possible  defining  properties  Include  . rmal  (infrared)  anomaly 
at  eclipse,  color,  polarization,  slope  characteristics  derived  by  photo gramme try 
or  photoclinometry,  and  microwave  and  radar  response  at  various  wavelengths  (both  Earth- 
Moon  and  bistacic).  Some  of  these--especially  infrared  and  color--have  proved  in- 
formative, and  others--radar--are  beginning  to  appear  interesting.  But  possibly 
we  never  wiP.  be  able  to  Improve  much  on  qualitative,  commonly  laborious  geologic 
mapping  based  on  topographic  properties  and  geometric  relations.  There  are  too  many 
data  to  treat  Quantitatively;  machines  can  never  define  units.  The  author's  opinion 
of  the  stratigraphic  utility  ol  these  properties  is  very  well  expressed  by  Mutch 
(1970,  p.  58). 

In  all  science,  one  Is  most  apt  to  find  what  he  is  looking  for;  that  is,  his 
view  of  his  subject  matter  is  colored  by  the  spectacles  he  wears.  I have  been  de- 
scribing the  spectacles  that  the  Geological  Survey  wears  during  its  lunar  mapping 
program;  they  have  filters  that  pass  material-geologic  units,  and  polarizers  that 
stack  the  units  in  stratigraphic  sequence  vhere  possible.  We  believe  that  results 
have  shown  these  spectacles  to  be  better  than  others  ye^  tried  on  the  Moon, 
because  they  pass  information  that  corresponds  with  the  true  nature  of  the  Moon. 

Other  spectacle  prescriptions  are  of  c:>  ^rse  possible  but  of  such  1 'w  transmissivity 
as  not  to  be  efficient  in  advancing  g.  oglcal  knowledge  in  an  orderly  and  economi- 
cal way. 

A Soviet  grou  under  Sukhanov  (1967),  partly  following  guidelines  established 
by  Khabakov  (1962),  also  maps  with  historical  spectacles,  but  thinks  less  in  terms 
of  material  units  and  more  in  terms  of  sc^'uctures.  As  I understand  it,  the  Soviets 
recognize  two  kinds  of  lunar  units,  craters  and  maria,  and  believe  that  nearly 
everything  now  seen  on  the  Moon  is  one  of  these,  modified  by  structural  patterns 
to  a greater  or  lesser  degree.  For  example,  they,  like  us,  recognize  the  maria 
tj  be  younger  than  the  Apennlne  Mountains,  but  they  .>alleve  the  Apennines  to 
old  mare  material  that  has  undergone  long,  protracted  deformation  by  internal 
forces  (fig,  4b).  Their  "structure"  spectacles  predestine  this  different  con. lu- 
8 ion. 

Another  productive  lunar  student  who  wears  both  historical  and  endogenetic 

J./  (From  preceding  page.)  Th^  main  reason  for  outright  rejection,  so  Tar,  has  been 
failure,  caused  by  poor  spatial  perception  or  sloppiness,  to  transfer  shapes  that 
are  clearly  visible  on  photographs  to  a map.  One  could  set  up  a quick  semi-quan- 
titative test  for  the  quality  of  a lunar  map:  the  amount  cf  f Iroe  it  takes  some- 

one, while  looking  at  the  photographs,  to  locate  a feature  on  the  map. 
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filters  on  his  spectacles  Is  the  English  astronoeier-geologis t Gilbert  Fielder 
( 1965).  His  fundaoiental  unlformicarian  postulate  is  the  diaraetrical  opposite 
of  ours:  he  believes  that  topographically  sharp  features  are  old.  and  subdued 

features,  young  (1963,  p.  146-153).  He  believes,  for  example,  that  Stadius  and 
Archioedes  are  young  craters  beginning  to  grow  up  through  the  surface,  eventually 
to  look  like  their  richly  detailed  (but,  pareuloxically , relatively  uncratered) 
nelghbc.  Copernicus. 

To  reiterate  the  thesis  of  the  present  paper  in  this  context:  use  of  the 

concept  of  material  stratigraphic  units  has  led  the  Survey  in  a different  direc- 
tion from  the  Soviets  and  Fielder,  and  before  them,  Shaler,  Spurr,  and  von  dulov. 

The  interna I- structural  model  allows  each  small  feature  such  as  a hillock  or  i idge 
to  be  interpreted  ^ hoc,  whereas  our  model  unifies  icany  small  adjacent  features 
as  look  alike,  then  seeks  the  explanation  of  this  unity  in  layered  units.  The 
result  is  a mixed  endogenetic  and  exogenetic  interpretation.  Contrary  to  a wide- 
spread calumny,  the  Survey's  ruling  model  is  not  impact — as  should  be  obvious  from 
the  many  volcanic  Interpretations  that  appear  on  our  maps.  Impact  as  on  explana- 
tion for  DBilti-rlng  basins  and  many  craters  Is  arrived  at  only  when  a reasonable 
mechanism  is  sought  for  the  emplacement  of  the  extensive  materials  around  them 
that  appear  to  be  layered. 

Purpose  of  (Geologic  Maps 

At  this  point,  after  generalizing  about  the  lunar  and  planetary  mapping  approach 
and  before  detailing  the  methods  of  constructing  a map,  we  should  pause  to  consider 
the  purpose  of  geologic  maps.  As  has  been  stressed,  planetary  geological  mapping 
is  the  offspring  of  terrestrial  geological  mapping.  So  we  will  know  how  to  map  a 
planet  if  we  remember  how  we  map  the  Earth;  and  if  we  nxxnentarily  forget  why  we 
are  mapping  a planet,  we  should  recall  why  we  map  the  Earth.  We  map  to  learn  and 
to  comminicate.  For  full  unaer standing,  we  must  study  an  entire  area,  not  selected 
features  of  Interest,  so  we  make  maps  to  keep  track  of  our  observations  economically 
and  record  them  In  their  proper  geometric  relations.  By  tnapplng,  we  continually 
organize  and  classify  the  data,  formulate  and  test  multiple  working  hypotheses, 
and  finally,  generalize  nature's  complexities  into  a portrayal  that  seems  conFls- 
tent  with  available  data  and  our  accumulated  knowledge. 

A map  must  filter  observations,  not  record  all  of  them;  otherwise  it  is  not 
useful  to  anyone  but  its  author.  But  it  must  also  show  the  basis  for  the  author's 
generalizations,  sq  that  other  workers  can  test  them  against  tne  facts,  and  either 
confirm  them  or  modify  them  In  the  light  of  new  theory.  A terrestrial  map  made 
ten  years  age  should  not  be  superseded  by  global  plate  tectonic  theory,  but  rather, 
should  be  the  basis  f'or  testing  the  theory;  and  a lunar  map  should  do  the  same  for, 
say,  impact  and  volcanic  theories.  Sc  in  effect  geologic  maps  are  the  objective, 
testable  records  and  models  of  geology  and  correspond  to  the  graphs  and  equations 
of  the  experimental  sciences. 
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PART  II 


TECKMICALITIES  OF  MAP  CONVENTIONS » FORMAT.  PRODUCTION  MECHANICS.  AND  REVIEUINC 

Hap  Units 

A mapper  usually  finds  that  the  units  he  has  reco^lzed  and  outlined  require 
some  recasting  vhen  being  expressed  as  map  units,  to  Inprove  cartographic  clarity 
or  scientific  rigor.  This  section  gives  some  rules  to  be  followed  In  setting  up 
map  units* 

Ue  should  first  recall  the  different  conceptual  types  of  units  now  recognized 
by  American  stratlgraphers  (American  Commission  on  Stratigraphic  Nomenclature, 

1970).  The  distinctions  are  important  in  separating  Interpretation  from  observa- 
tion and  in  keeping  one's  logic  straight;  continuing  confusion  of  these  types  by 
European  stratlgraphers  may  impede  their  objective  evaluation  of  the  Moon.  The 
Code  of  Stratigraphic  Nomenclature  distinguishes  between  rock- stratigraphic  units — 

' iterial  subdivisions  of  the  crust  that  are  distinguished  solely  on  the  basis  of 
lithologic  properties,  and  time-stratigraphic  units — material  units  which  include 
all  rocks  formed  in  a specific  interval  of  time.  Rock-stratlgraphic  units  are  the 
practical  mapping  units  and  are  the  basis  for  defining  time- stratigraphic  units. 

A third  unit  is  a nonmaterial  subdivision — the  geologic- time  unit,  which  is  de- 
fined in  terms  of  time- stratigraphic  units.  The  basic  rock-stratlgraphic  unit  is 
the  formation;  these  are  divided  into  members,  and  combined  into  groups.  The 
basic  time -stratigraphic  unit  is  the  system;  these  are  divided  into  series,  and 
combined  into  the  era  or  era  them.  Geologic- time  units  that  correspond  to  systems 
are  periods;  to  series,  epochs.  "Upper"  and  "lower"  are  physical  terms  so  are 
applied  to  rock-stratlgraphic  and  time-stratigraphic  units;  "late"  and  "early"  are 
time  terms. 

Another  type  of  unit  that  now  be  needed  on  the  Moon  is  the  soil-strat- 

igraphic unit,  which  might  advantageously  be  used  to  codify  regolith  units  (Mutch. 
1970,  p.  174-195).  Other  types  and  ranks  of  Earth  units  have  present  lunar 
application. 

The  term  "lunar  material  unit"  has  been  proposed  as  the  lunar  parallel  to 
the  terrestrial  rock-stratigraphic  unit  (Wilhelms,  1970,  p.  Fll).  It  was  defined 
as  "a  subdivision  of  the  materials  in  the  Moon's  crust  exposed  or  expressed  at  the 
surface  and  dirtlnguished  and  delimited  on  the  basis  of  physical  characteristics." 

The  purpose  of  distinguishing  lunar  material  units  from  rock-stratigraphic  units 
was  to  emphasize  the  fact  that  napped  lunar  units,  though  defined  by  physical 
characteristics  like  Earth  rock  unit;?,  are  not  always  nicely  discrete,  tabular, 
Internally  uniform  bodies  defined  by  true  primary  lithologic  characteristics. 

That  Is,  lunar  material  units  nay  be  either  true  rock-stratlgraphic  units  or  "terrain 
units."  Also,  the  word  "material"  was  preferred  over  "rock"  because  of  a vague 
uneasiness  at  calling  terrain  "rock"  and  because  we  knew  that  most  lunar  units 
would  turn  out  to  be  debris,  breccias,  and  other  crumblv  stuff.  But  all  of  thi 
is  still  rock  and  not  some  exotic  extraterrestrial  compound,  so  the  word  "rock" 
should  perhaps  come  Intc  g**eater  use  even  for  photogeologlc  units. 
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unit**  itself.  Ibis 


Another  tern  that  should  he  clearly  tiaderstood  Is  *Wp 
is  the  unit  that  is  shown  on  a nap  with  its  own  synhol,  color,  and  position  in  the 
hoK  explanation.  Hap  units  nay  be  rocfc^strati^raphic  units  (lunar  naterial  units) 
of  any  tmek,  or  tine^stratigraphic  units  of  any  rank,  depending  on  the  purpose  and 
scale  of  the  nap. 

Each  United  body  of  naterial  that  the  geologist  has  outlined  as  a unit  by  the 
principles  set  forth  in  the  previous  sections  camot  be  a nap  unit.  Sone  laterally 
continuous  focnatioos,  such  as  basin  ejecta  blankets,  are  sonetines  used  individ* 
ually  as  nap  units,  as  is  the  nost  common  practice  on  Earth.  Very  coenonly,  however, 
fomatiOQS  of  indistinguishable  appearance  occur  in  nany  separated  localities,  and 
it  is  convenient  to  conbioe  all  of  these  as  a single  nap  unit.  The  individual 
occurrences  of  such  a nap  unit  have  the  sane  general  age  range— that  is,  are  assign- 
ed to  the  sane  tine-stratigraphic  unit — but  nay  vary  in  age  within  this  range-  Ex- 
anples  of  such  nap  units  are  **Inhrlaa  plains  naterial,”  which  consists  of  thousands 
of  separate  pools  of  light  plains  naterial,  possibly  ranging  in  age  fron  early  to 
late  Inhrian,*^  and  ”ray-crater  naterial T consisting  of  naterials  of  a great  non- 
her  of  individual  young  rayed  craters,  assigned  to  the  Copemican  Systen.  These 
Copemican  rayed  craters  are  si^rposed  on  nearly  all  other  naterials,  and  nay 
have  been  fomed  over  the  last  half  of  lunar  history.  So  a nap  unit  can  include 
an  extensive  sequence.  Poorly  defined  lunar  naterial  units  that  no  one  would  call 
cock-stratigraphic  units  are  treated  sinilarly.  Thus  we  any  have  **terra  naterial, 
undivided”  appearing  every  place  on  a nap  where  we  don't  understand  the  geology. 

(This  unit  nay  also,  of  course,  be  used  on  snail-scale  or  special-purpose  naps  that 
lunp  well  understood  units.) 

Two  occurrences  of  the  sane  nap  unit  nay  he  s^arated  by  a contact,  with  the 
younger  shown  overlappli^  the  older  (for  exanple  where  naterials  of  one  Copemican 
crater  overlap  those  of  another)  ; this  is  not  done  on  terrestrial  naps. 

Two  or  nore  conpletely  superposed  units  are  cosnnnly  recognized  (fig*  5).  A 
thin  dark  or  light  unit  nay  give  an  area  its  characteristic  albedo,  idille  an  under- 
lying unit  nay  contribute  the  doainant  topography.  Or  two  superposed  units,  such 
as  naterials  of  two  craters,  nay  both  be  expressed  topographically.  The  unit  that 
is  stressed,  by  being  napped  in  color,  should  be  the  unit  that  is  isost  conspicuous 
at  the  scale  of  napping  being  used.  Ordinarily  this  Is  the  youngest  unit  that  con- 
tributes conspicuous  topographic  expression;  but  it  nay  be  the  thin  dark  or  light 
unit  without  topographic  expression  of  its  own.  At  low  resolution,  the  rim  material 
of  an  old  crater  in  the  southern  highlands  is  prominent,  and  on  maps  at  the 
1:3, 000 ,000-scale  it  is  the  unit  mapped  in  color.  But  if  high-resolution  photo- 
graphs show  that  the  rim  has  a mantled  appearance,  then  various  R»ntling  materials 
may  be  the  units  mapped  in  color  on  larger-scale  maps  based  on  these  photographs. 

Hap  most  conspicuously  what  you  see  most  clearly. 

Buried  units  whose  textures  can  still  be  seen  conoonly  are  shown  by  dotted 

_!/  One  group  of  the  plains  "format ions”  has  been  called  Cayley  Formation,  and 
another,  Apennine  Bench  Formation,  but  this  use  of  fonnational  names  is  dis- 
«.Dpnaring. 
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a.  Photograph  of  area. 
Crater  Arlstoteles,  85 
km  diameter 


Mast  coaspic uQus  uiiits 
stressed. 


Lunar 

Orbiter  IV  frame  tf-98 
framelets  2X8-24Z 


c.  Surflcial  units  stressed 


d.  Beep- lying  units  stressed 


Fig,  5,  — Alternati\  5 methods  of  portraying  a terrane.  Portrayal  of 
(b)  Is  ordinarily  preferred.  Csc*-Copernjcsn  satellitic  crater  mater 
ial;  Cd--Copernicar  dark  mantling  material;  diagonal  line  pattern-- 
dark  material;  CEp--£ratosthenian  or  Copernican  plains  material;  Ec-^“ 
Eratosthenian  crater  material;  EIc--Imbrian  or  Eratosthenian  crater 
material;  Im-’-Imbrian  mare  material;  la--Imbrian  Alpea  Formation 
(Ittsbriuin  basin  ejecta?);  plr--pre-lmbrian  material  of  rugged  terra. 


c»tit4ict8  and  synbols  in  parentheses;  alternatively,  an  overprint  pattern  oay  be 
used  for  the  overlying  unit.  Special  dash-dot  symbols  are  used  for  buried  crater 
rin  crests  where  subunits  are  indistinct.  Buried  contacts  are  drawn  at  the  limit 
of  observed  topographic  expression,  not  at  the  inferred  or  projected  limits.  Some 
units  are  defined  to  represent  both  the  underlying  and  overlying  layers  (Milton, 

IS >8;  Uilhelos,  1970,  p.  Fl2).  Provinces  of  quite  diverse  constitution  can  be 
V pped  as  units,  provided  their  compound  nature  is  explained  fully  and  no  pre^ 

^nse  is  made  that  they  are  true  rock-stratlgraphic  units  (McCauley  and  Wilhelms, 
1972). 

Crater  material  subunits  have  always  played  a large  role  on  lunar  geologic 
;Mps  (Wilhelms,  1970,  p.  F40-F42;  Mutch,  1970,  p.  165-174).  Crater  materials — of 
rim,  wall,  floor,  peak,  etc. — were  extensively  subdivided,  for  objectivity,  because 
t'ley  look  so  different.  This  subdivision  has  proved,  however,  to  be  excessively 
f'  manding  on  mapping  time  and  available  colors.  There  is  sentiment  r.ow,  therefore, 
t « lump  all  materials  of  a crater.  Or  a more  interpretive  two-fold  system  could 
I > used:  (1)  materials  completely  disaggregated  and  redistributed  by  crater  for- 

Etition  (ballistic  and  base-surge  ejecta)  ; (2)  materials  structurally  highly  deformed 
but  not  disaggregated  (inner  "Schuppen**  rim  material,  wall  material,  central  peak 
arterial,  and  some  hilly  floor  material).  Materials  believed  formed  after  the 
crater  (smooth  floor  materials  and  planar  pools  in  rim  and  wall  depressions)  are 
usually  mapped  wS  separate,  non-crater  units,  although  formerly  some  of  these 
were  included  as  crater  materials. 

Names.  Letter  Symbols,  and  Colors 

Each  map  unit  is  given  a distinctive  name,  letter  symbol,  and  color.  Names 
may  be  formal  or  informal,  as  convenient.  Formal  names  are  given  to  some  laterally 
continuous  units,  such  as  the  Fra  Mauro  Formation,  that  are  almost  certainly  true 
rock- stratigra*-  ic  units.  Formal  names  may  also  be  given  to  units  of  unwieldy 
de.  eruption  that  are  of  special  stratigraphic  significance,  even  though  the  geology 
of  the  unit  is  not  completely  understood;  an  example  is  the  Alpes  Formation,  which 
ot.ierwise  might  be  called  "material  forming  equidimensional  or  slightly  elongate 
b*iHKiocks  of  light  albedo."  Most  units,  well  or  poorly  understood,  are  now  given 
short  descriptive  informal  names,  followed  by  the  word  materlal(s) ; examples  are 
era  :er  materials,  r^r«.  iLiterial,  hilly  and  furrowed  material,  and  dome  material. 

Ail  Tianes  are  ob^  tive,  not  interpretive — "crater  rim  material,"  not  "impact 
ejecta*  or  **'  >’?anic  rocks." 

The  • »bol  for  a lunar  map  unit,  like  its  terrestrial  counterpart,  consists 
of  an  '^breviation  of  the  system  to  which  the  unit  is  assigned  (capital  letter) 
and  I abbreviation  of  the  formal  or  informal  name  (lowercase  letters).  Units 
t^^t  nay  belong  with  equal  likelihood  to  either  of  two  systems  or  any  of  three  are 
given  two  capital  letters  representing  the  possible  range  (youngest  first).  If 
the  age  of  a unit  Is  unknown  or  only  approximately  *:nown,  capital  letters  may  be 
omitte<l.  The  order  of  lower-case  letters,  where  possible,  should  be:  noun  or 

format  .o-  first,  adjective  or  member  second,  submember  third*  Ic,  £rater  material 
( foiT'a.  ion)  ; Icr,  £rater  £im  material  (member);  Icrh,  £rater  £im  material, 
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hunmocky  ( sub-oeinber) . Where  the  modifier  is  an  integral  part  of  the  name»  it 
may  come  first,  especially  to  avoid  ambiguity;  plst,  structured  S^rra  material. 

The  reason  for  each  letter  in  the  symbol  must  be  apparent  from  the  name;  you  cannot 
label  "hilly  material"  Er  because  it  h£  ipens  to  be  rough.  But  all  words  of  the 
name  need  not  be  abbreviated  in  the  symbol;  hilly  and  pitted  material  (of  Imbrlan 
age)  can  be  abbreviated  Ih  if  there  is  no  ambiguity  with  other  **h"  units;  but  if 
you  also  have  the  Hevelius  Formation,  you  must  label  the  Hevelius  Ihe;  or  label 
it  Ih  and  label  tne  hilly  and  pitted  material  Ihp.  In  other  words,  symbols  should 
have  the  minimum  nuad>er  of  letters  to  be  unambiguous.  A maximum  of  four  letters 
may  be  in  the  symbol;  pi  counts  as  one;  all  other  combinations  count  as  two  (CE, 

El,  etc.). 

Use  letters  in  preference  to  niAinbers  where  possible.  When  units  are  numbered, 
higher  numbers  refer  to  younger  units  (Im^  is  younger  than  Im^).  Numbers  follow 
all  letters,  because  they  refer  to  the  idiole  unit,  not  the  basic  formational  unit 
(plcr^,  not  plc^r). 

In  all  text  material,  the  Sut/ey  prefers  to  refer  to  units  by  name,  not  symbol — 
'hnare  material,"  not  "Im. " If  yot\  must  use  symbols  in  text,  say  "unit  Im."  Symbols 
are  newly  defined  on  each  map's  explanation;  symbols  for  the  same  unit  may  there- 
fore vary  from  map  to  map,  but  we  have  tried  to  keep  them  as  uniform  as  possible. 

Symbols  which  are  queried  on  the  map  should  always  be  explained  explicitly. 
'X^ueried  where  doubtful"  is  not  good  enough;  say,  "queried  where  could  be  Erathos- 
thenlan"  or  "queried  where  could  be  unit  x."  Be  sparing  in  the  use  of  queries; 
each  one  must  be  drafted  on  a final  map.  Convey  only  important  doubts — probable 
departures  from  the  defined  meaning  of  the  symbol,  not  just  slight  uncertainty  as 
to  whether  you  have  mapped  correctly. 

Colors  are  assigned  to  associate  like  units  and  disassociate  unlike  units. 
Intense  colors  are  used  for  small  patches,  weaker  colors  for  large.  The  practice 
of  using  strongly  contrasting  colors  for  adjacent  beds,  which  seems  to  be  prevalent 
in  terrestrial  maps  of  the  Survey,  has  not  been  followed  on  lunar  maps  in  defer- 
ence to  the  association  principle.  The  attempt  Is  made  to  express  both  rock- 
stratigraphic  and  time- stratigraphic  relations.  Age  is  usually  shown  more  or 
less  spectrally,  colors  towa.d  the  red  for  young  units,  toward  the  violet  for 
older;  oldest  (pre-Imbrian)  units  are  brown.  Variations  of  a type  of  unit  are 
shotm  by  variations  of  the  basic  colors — muddy  or  mixed  versus  pure. 

Line  Symbols 

A mapper  should  separate  materials  and  structures  clearly  in  his  mind.  Mate- 
rials are  mapped  in  color,  structures  with  black  lines.  Exceptions,  where  struc- 
tures are  shown  In  color  for  one  purpose  or  anot!ier,  should  be  clearly  labelled 
for  what  they  are.  (We  went  through  an  early  trauma  In  deciding  whether  rilles 
should  be  shown  as  structures  or  geologic  units;  consensus  was  soon  reached  that 
linear  rilles  are  structures  (graben),  and  that  rilles  with  chain  craters  are 
materials;  but  sinuous  rilles  continue  to  be  shown  both  ways.) 
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Line  syo^ols  used  on  lunar  maps  follow  terrestrial  precedent  as  far  as 
possible,  with  some  additional  special  ones  for  the  Moon*  In  explanations,  all 
line  symbols  except  completely  closed  ones^  such  as  those  for  crater  rlra  crests^  are 
drawn  straight;  appurtenances,  such  as  barbs,  are  drawn  on  top  of  the  line*  There 
Is  general  consistency  In  style  of  symbol  and  wording  of  the  explanation  from  map 
to  map,  but  not  slavish  uniformity.  One  must  always  use  symbols  appropriate  to 
his  purpose  and  describe  them  In  accord  with  his  geology  and  his  Interpretations. 

The  only  uncnanglng  requirements  are  clarity  and  appropriateness;  the  idea  Is  to 
describe  what  you  did. 

Contacts  are  the  thinnest  lines  on  a map.  Draw  all  other  symbols  with  heavier 
line  weights. 

Structures.  ••The  use  of  fault  symbols  should  be  kept  to  a minimum;  many 
straight  features  that  looked  like  faults  on  telescopic  photographs  are  seen  on 
better  photographs  to  be  coincidental  IJ  lear— and  even  quite  non-linear — arrange- 
ments of  other  features.  “Inferred”  fault  is  usually  better— though  unnecessary 
for  a sharp  graben.  In  the  absence  of  removal  or  stripping  of  material  by  erosion, 
faults  do  not  ordinarily  form  contacts  between  units.  However,  fault  scarps,  re- 
treated to  an  unknown  degree,  may  form  some  contacts  by  restricting  the  lateral 
extent  of  post-faulting  material,  so  the  fault  symbol  on  maps  Includes  such  scarps. 
Faults  should  be  drawn  where  the  projection  of  the  fault  Intersects  the  land  sur- 
face. 

A lineament  Is  a negative  feature,  not  an  allnement  of  separated  features  (to 
avoid  unwarranted  connection  of  unrelated  objects).  Long,  narrow  positive  features 
are  shown  by  a dash-cross-dash  symbol. 

Dashes.  —Dashed  contacts  are  commonly  overused.  Dashes  are  expensive  to 
draft  and  leave  unattractive  white  spaces.  They  should  be  used  only  to  convey 
something  of  Interest  to  the  reader,  not  to  express  the  personality  of  the  mapper; 
that  Is,  they  should  express  a degree  of  doubt,  not  laziness  or  the  fact  that  the 
mapper  doubts  everything.  If  all  contacts  are  gradational,  this  fact  should  be  ex- 
pressed by  a blanket  note,  not  dashes.  When  a mapper  draws  a line,  he  Is  not  say- 
ing that  everything  within  it  is  exactly  the  same,  but  only  different  from  what  is 
outside,  to  a degree  of  accuracy  called  for  by  the  scale  and  purpose  of  the  map. 
Dashes  should  be  used  primarily  where  the  photography  is  exceptionally  poor  or  the 
contacts  especially  Indistinct  or  especially  gradational.  So  try  to  use  solid  lines, 
even  where  you  are  not  completely  sure  of  location  within  a couple  of  millimeters 
(1  mm  = 1 km  at  1:1,000,000  scale).  ^ 

Both  lunar  and  terrestrial  maps  of  the  Survey  have  distinguished  different 
kinds  of  doubt  by  different  dash  lengths  — long  for  approximately  located,  short 
for  inferred  or  gradational,  etc.  We  have  found  this  tiresome  and  most  authors  of 
lunar  maps  now  use  only  long  dashes. 

A reasonable  practice  on  cross  sections  Is:  solid  contacts  where  only  thick- 

ness or  position,  not  presence,  of  a unit  Is  In  doubt;  dashed  contacts  where  the 

y Note  added  in  proof:  New  Survey  policy,  probably  based  on  considerations  like 

these,  is  that  dashes  will  be  drafted  by  BTI  only  when  absolutely  necessary. 
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presence  of  a unit  at  that  location  Is  Inferred.  Where  hardly  anything  Is  known, 
or  where  a unit  grades  with  the  basement,  a scratch  boundary  is  used;  that  is,  a 
color  boundary  without  a black  line  (Indicate  your  desire  for  this  type  of  contact 
by  writing  the  word  ‘‘scratch**  on  your  manuscript). 

Format 

The  best  way  to  learn  the  format  that  has  been  used  for  lunar  geologic  maps 
Is  to  study  some  of  the  maps,  but  some  salient  points  should  be  mentioned  first. 

The  format  is  based  on  long*standlng  U.  S.  Geological  Survey  practice. 

Items  on  the  map  sheet  (fig*  6)  are  (1)  the  map,  (2)  unit  explanation  (to 
right  of  map),  (3)  structure-symbol  and  undated-unit  explanation  (below  unit  ex- 
planation or  map),  (4)  scale  (below  map),  (5)  cross  section  (below  scale),  (6)  title, 
author  and  date  (below  everything),  (7)  organization  note  (upper  left  comer  of  map), 
(8)  cooperation  note  (above  map  and  centered  on  sheet),  (9)  credit  note  and  data 
sources  (lower  right  corner  of  map),  (10)  notes  on  base  (lower  left  corner  of  map; 
or  left  side  of  map  if  extensive,  as  on  all  1:1, 000, 000-series  maps),  (11)  text 
(left  of  map  unless  an  extensive  base  note  is  there),  (12)  location  of  map  area 
(anyr/here)  , and  (13)  photographic  index  map  (an3rwhere). 

As  discussed  in  the  following  section,  details  of  this  format  will  be  changed 
for  maps  submitted  for  publication  from  now  on.  The  geologist  need  concern  himself 
only  with  the  new  format  for  the  box  explanation. 

Exp lanatlon 

Layout. --A  geologic  map  explanation  should  show  the  age  relations  among  the 
geologic  units  on  the  accompanying  map,  and  should  describe  the  units  or  refer 
to  descriptions  available  elsewhere  in  the  map  package  (margins  or  pamphlet)  or  in 
other  literature.  Each  map  unit  is  represented  by  a box,  usually  colored,  containing 
its  map  symbol.  To  show  age  relations,  these  boxes  are  arranged  in  chronologic  order, 
the  youngest  at  the  top.  To  show  some  broad  descriptive  classification  or  geographic 
subdivision,  there  may  be  more  than  one  vertical  column  of  boxes,  for  example,  separ- 
ate columns  for  crater  materials,  mare  materials,  and  terra  materials,  or  for  a 
mare  province  and  a terra  province. 

The  Survey  is  currently  (mid- 1972)  changing  the  format  for  map  explanations. 
Formerly,  on  nearly  all  lunar  maps,  age  relations  and  descriptions  were  shown  by  a 
single  array  cf  boxes  (fig.  6).  Unit  titles  appeared  beneath  the  boxes,  and  text 
descriptions  beneath  the  titles.  Overlapping  or  uncertain  age  relations  were  shown 
by  braces.  On  present  Survey  maps,  age  relations  and  descriptions  are  shown  separa- 
tely (fig.  7).  In  the  upper  part  of  the  sheet,  the  age  relations  are  shown  by  the 
arrangement  of  colored  boxes,  each  containing  a map  S3rmbol  as  usual,  but  without  a 
title  or  other  words  outside  the  box.  Age  relations  are  shown  partly  by  braces  an* 
partly  by  vertical  overlap  of  rectangular  boxes.  Boxes  that  designate  discrete  map 
units  should  not  touch;  those  that  designate  subdivisions  of  a map  unit  may  touch. 
System  a.id  series  names  are  written  horizontally  and  their  braces  are  to  the  right 
of  all  boxes  (series  braces  formerly  were  on  the  left);  these  names  should  read 
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Format  of  typical  lunar  geologic  map  sheet. 


CORRELATION  OF  MaP  UNITS 


DESCRIPTION  OF  MAP  UNITS 


MATERIAL  OF  RAY  CRATERS 
Conssents  as  required 

RIM  MATERIAL 

Characteristics 

Interpretation 

WALL  MATERIAL 

Characteristics 
In ter pre  tat Ion 

MARE  MATERIAL 

Characteristics 

Interpretation 

CRATER  MATERIAI 

Characteristics 

Interpretation 

CRA.TER  MATERIAL 

Characteristics 

Interpretation 

TERRA  MATERIAL 

Characteristics 

Interpretation 

TERRA  MATERIAL 

Charac  ter is  tic  s 
Interpretation 


Figure  7. --New  U.S.  Geological  Survey  map*explanatlon  format. 


224 


from  youngest  to  oldest  (ages  formerly  read  from  oldest  to  youngest,  opposite  from 
the  order  of  letters  in  the  map  symbol).  Entirely  below  this  array  is  a second 
array  for  the  unit  names  and  descriptions.  The  colored  boxes  with  the  map  symbol 
are  repeated,  but  all  are  placed  In  a single  vertical  column.  Box  titles  are  to 
the  right  of  these  boxes,  and  descriptive  material  starts  to  the  right  of  the  titles 
and  continues  Indented  below.  In  both  the  correlation  array  and  the  description 
array,  colored  boxes  should  be  placed  as  close  to  the  map  ar>  possible.  In  order 
to  utilize  new  electronic  color-scanning  devices  that  have  a limited  reach.  Be- 
cause details  of  the  new  format  are  still  being  worked  out.  It  will  not  be  de- 
scribed In  detail  here;  a supplement  will  be  sent  later  to  recipients  of  this 
manual. 

Unit  descriptions. --After  the  box  title  Is  a paragraph  on  physical  character- 
istics, followed  by  one  on  genetic  Interpretations,  which  must  be  clearly  separated 
from  the  characteristics,  though  of  course  based  on  them.  (''Characteristics** 
has  come  to  mean  "description,"  not  the  strict  list  of  defining  properties  Implied 
by  the  word  "characteristics.") 

For  each  major  and  new  map  unit,  a type  area.  In  which  the  unit  Is  most  dis- 
tinctive, and  If  possible,  where  contact  relations  are  clearest,  should  be  given 
In  the  "characteristics"  paragraph;  for  newly  named  formal  units,  the  "should" 
becomes  a "must."  To  be  correlated  with  this  occurrence,  other  occurrences  must 
possess  most  of  the  characteristics  of  the  type  area.  Definitions  of  new  units 
should  follow  the  Code  of  Stratigraphic  Nomenclature,  with  allowances  for  lunar 
differences,  and  must  Include  announcement  of  Intent  to  establish  a new  name, 
bounding  coordinates  and  description  of  type  area,  specification  of  the  name- 
giving geographic  feature,  and  relation  to  subjacent  and  superjacent  units. 

(Defining  a new  formal  unit  Is  a weighty  matter  that  should  be  undertaken  only 
when  a widespread  stratlgraphlcally  Important  unit  requires  a name  for  convenient 
reference. ) 

In  the  explanatory  material,  use  a telegraphic  style,  and  particularly  avoid 
articles  and  forms  of  the  verb  "to  be";  not,  "The  unit  Is  of  high  albedo  and  has 
a rugged  or  partly  smooth  topographic  expression,"  but  "High  albedo;  rugged  or 
partly  snwoth.  " In  long  descriptions,  group  similar  characteristics  In  sentences-- 
albedo  In  one,  topography  In  another,  distribution  In  another,  etc.  Elements 
of  these  sentences  can  be  separated  by  semicolons.  For  some  reason,  the  Survey 
does  not  put  a period  or  any  other  punctuation  at  the  end  of  an  explanation 
paragraph,  even  If  the  paragraph  Includes  sentences  that  do  have  periods. 

Keep  the  explanation  as  short  as  possible,  and  shoot  for  a 3,000-word  limit 
on  text  uiaterlal  (complete-sentence  prose).  The  stlck-up  type  used  on  maps  Is 
fantastically  expensive. 

Material  to  Submit 

The  following  materials  are  required  from  an  author  when  he  submits  a map  to 
the  Survey: 
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!•  Stable-base  copy  of  original  drafting  ^ ink.  The  base  must  be  translucent; 
it  is  normally  a plastic  such  as  cronaflex  or  mylar,  preferably  about  .004" 
thick  (thicker  sheets  produce  poor  copies,  thinner  ones  are  insufficiently 
scale-stable).  The  relief  base  (imprinted  photomechanically  on  the  plastic) 
must  not  be  in  black,  or  it  will  interfere  with  the  black  geology  lines  when 
the  two  together  are  copied  photomechanically  onto  the  scribecoat  to  be 
scribed;  we  have  always  used  brown.  The  best  strategy  Is  to  imprint  the 
base  on  the  back  of  a double- frosted  sheet  ("left  reading")  and  draft  on  the 
front,  80  that  erasures  do  not  affect  the  base. 

2.  A separate  sheet  for  overlays  such  as  ray  pattern  and  dark  mantling  material. 

(Note:  some  authors,  if  they  anticipate  numerous  changes,  compile  letter 

symbols  and  lines  on  separate  sheets;  but  this  makes  ozalidlng  difficult, 

so  combine  symbols  and  lines  before  submission.) 

3.  A completely  accurate  colored  ozalld  of  the  map.  This  Is  called  the  **mill 
copy"  and,  after  approval  by  the  Director,  is  used  by  the  Branch  of  Tech- 
nical Illustrations  (BTI)  as  their  drafting  guide;  It  even  supersedes  the 
author’s  original  stable-base  inked  copy. 

4.  Text:  double-spaced  typed  copy,  preferably  on  23-llne  manuscript  paper 

obtainable  from  the  Survey  (ultimately  the  General  Services  Administration). 

5.  Explanation:  two  possible  formats: 

a.  Double-spaced  typed  copy  like  the  text. 

b.  Single-spaced  copy  on  a single  large  sheet  of  paper,  layed  out  in  correct 
format.  (I  prefer  this  style  because  format  and  inconsistencies  among  unit 
descriptions  are  clarified;  but  it  is  more  difficult  to  construct  this 
large  sheet  than  the  page-sized  package.) 

6.  Colored  explanation  layout,  if  not  in  the  form  of  5b. 

7.  Marginal  notes,  index  maps,  etc.  (see  section  on  format), 

8.  Cross  section  (optional)— stable  base. 

9.  Cross  section  (optional)— colored  ozalld  mill  copy.-^^ 

10.  Duplicate  uncolored  copies  of  map,  cross  section,  text,  and  explanation. 

11.  And  of  course,  save  a copy  of  everything  yourself.  You  will  need  these  for 
reference  in  telephone  discussions  with  reviewers;  and  the  mails  do  lose 
things. 

Note:  On  all  material  the  author  submits,  he  must  label  every  patch  of  every  unit. 

In  drafting,  BTI  will  label  only  as  many  patches  as  it  believes  necessary,  because 
the  color  of  a published  map  carries  most  of  the  story.  This  point  Is  commonly 
not  understood  by  authors  when  they  check  color  proofs;  they  waste  a lot  of  time 
pointing  out  missing  labels, 

Do's  and  Don't *s 

; allowing  is  a list  of  guidelines  that  will  help  you  prepare  better  maps. 

You  should  consider  this  list  and  the  ones  that  follow  In  all  stages  of  your 

^ Although  not  always  included  with  the  final  map  package , cross  sect ions  (Survey 
editors  call  them  "geologic  sections")  should  always  be  drawn,  as  in  terres- 
trial geology,  to  test  the  map  relations. 
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mapping — before,  during,  and  after.  The  listed  items  are  not  supposed  to  be 
cliches,  but  are  derived  from  observations  made  repeatedly  in  the  course  of  re- 
viewing and  editing  lunar  maps. 

1.  Make  a reconnaissance  of  the  whole  area  before  starting,  and  decide  tenta- 
tively on  units;  I do  this  by  making  a nearly  complete  map  in  pencil  on 

a paper  copy  of  the  base,  before  committing  ink  to  a stable-scale  copy 
of  the  base.  This  reconnaissance  is  necessary  for  internal  consistency. 

2.  Lay  out  and  write  the  explanation  while  mapping--not  after. 

3.  Watch  embayment  relations;  at  a triple  point,  the  contact  of  the  youngest 
unit  is  Che  continuous  one;  that  is,  the  contact  between  the  two  older  units 
must  terminate  abruptly  at  the  young  one. 

4.  Remember  that  you  are  niapping  materials,  not  topographic  forms.  This  means, 
for  example,  that  the  contact  bounding  materials  of  a crater  must  be  drawn 
not  at  the  rim  crest,  but  at  the  outer  limit  of  deposits  thought  to  le 
.associated  with  the  crater;  these  will  commonly  be  expressed  only  as  a 
slope  having  no  distinctive  topographic  texture,  (if  in  doubt  what  to 

map  in  an  old  crater,  look  at  a young  crater.) 

5.  In  drafting,  remember  that  you  are  communicating  both  to  other  geologists 
and  to  draftsmen  who  know  no  geology. 

6.  You  must  color  out  your  own  map  after  you  think  you  are  finished; 
you  will  catch  dozens  or  hundreds  of  errors. 

7.  Compare  and  discuss  the  geology  on  your  map  with  authors  of  adjoining  maps; 
resolve  all  major  conflicts.  This  will  both  clarify  your  mapping  and 
bring  the  compromise  that  is  essential  for  consistent  portrayal. 

Or  to  put  it  negatively,  following  is  a partial  list  of  errors  that  keep 
cropping  up  on  lunar  nvaps. 

1.  Inconsistency  between  map  and  explanation  in  the  following  respects: 

a.  Units  shown  on  one  but  not  the  other. 

b.  Different  unit  and  structure  symbols  (commonly  caused  y a 
change  of  mind  during  mapping  that  is  not  completely  incorporated). 

c.  Age  relations  as  shown  in  explanation  differing  from  those  shown 
on  map  by  the  overlap  and  embayment  relations. 

2.  Units  not  fully  or  accurately  described  in  explanation  (usually  because 

of  being  copied  from  other  maps  or  written  after  completion  of  the  mapping). 

3.  Conclusion  drawn  in  interpretation  paragraph  from  relations  not  mentioned 
in  characteristics;  or  significance  of  a characteristic  not  stated  in 
interpretation  paragraph. 

4.  Reason  for  age  assignment  not  stated. 

3.  Inconsistency  between  map  and  cross  section. 

6.  Uneven  portrayal  in  different  parts  of  the  map  (commonly  caused  by  trying 
to  map  too  much  detail  early  in  a project^  then  giving  up). 

7.  Too  much  attention  to  circular  craters  and  their  subdivisions,  and  too 
little  to  irregular  craters  and  non-crater  units. 
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8.  Incompleteness  (**leave  it  to  the  reviewer  to  fix'*). 

9.  Ambiguous  layout  o£  units  in  the  explanation  (very  common). 

10.  Confusion  between  contacts  and  structural  symbols,  especially  between 
dashed  contacts  and  lineaments,  and  where  fault  and  scarp  symbols  are 
at  contacts. 

11.  Lines  not  closed  off. 

12.  Joins  between  lines  made  in  the  space  between  dashes  rather  than  on  a dash 
(how  can  the  draftsman  tell  where  to  close  the  line?). 

13.  Units  without  symbols. 

14.  Overprints  of  symbols  and  lines. 

15.  Indistinct  leaders  (short  lines  frcm  lettct  symbol  to  unit),  including 
confusion  with  contacts  and  structures. 

16.  Ambiguous  dash  length. 

17.  Queried  units  on  the  map  that  are  not  explained  in  the  explanation  (always 
must  say  ’’queried  wh*»re  could  be  younger”  or  some  othc^r  specific  reason 
for  querying-- not  Just,  ’’queried  where  doubtful” — though  you  may  say  this 
for  structures  and  contacts). 

And  as  another  way  of  describing  errors,  I list  below  two,  equally  wrong, 
extremes — because  we  seek  happy  mediums. 

ONE  EXTREME  THE  OTHER 

Excessive  splitting  of  units  that  ob-  Excessive  lumping  that  ignores  signlfi- 
scures  the  big  picture.  cant  differences. 

Excessively  contorted  line  drawing  Excessive  ’’cartooning”  that  ignores  signif 

that  (while  accurate)  crowds  the  map  leant  detail, 
and  obscures  the  overall  relations. 


Too-careful,  time-consuming  line  draw- 
ing. 

Excessive  expression  of  doubt  and  quali- 
fication; for  example,  ignoring  the 
great  likelihood  that  craters  like 
Tycho  are  of  impact  origin. 

Too  detailed  or  too  far-out  new  id^ 
more  a portrayal  of  the  mind  than  the 
Moon. 

Over interpretation  that  causes  contacts 
to  cross  objective  boundaries  or  to  be 
drawn  where  no  differences  occur. 

Leroy  or  other  time-consuming  template 
lettering. 

Recalculating  positions  and  ignoring 
the  base. 

Copying  other  maps. 


floppy  line  drawing. 


Insufficient  expression  of  doubt  and  quail 
fication;  for  example,  assuming  that  all 
craters  are  of  impact  origin. 


Too  few  new  ideas — Just  another  map  sheet 
like  all  others. 


Under interpretation  that  results  in  an 
’’objective”  terrain  map. 


Unreadable  symbols  (too  faint,  too  non- 
standard, or  too  sloppy). 

Attempts  to  match  base  where  the  base  Is 
very  inaccurate. 

Comp^'te  re-invention  of  the  wheel  (re- 
sulti.ig  from  poor  scholarship). 
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OM  EXTRQIE 


THE  OTHER 


Not  thinking  of  ioplications  of  the 
syn^ols  and  conventions  for  units  and 
structures. 

Repeating  all  material  b«>t%ieen  text  and 
explanation  (the  text  sh3uld  susnarize 
and  hit  the  highlights;  the  explanation 
is  a dictionary). 

Coing  back  to  first  principles  (needed 
once,  but  no  longer). 

Extensive  list  of  characteristics  that 
conveys  no  laental  picture  (especially, 
a list  contrived  to  fit  a tortuous  in- 
t'^rnretive  maze). 


Developing  own  set  of  complete Iv  new  co,.- 
vent  ions. 


No  tie,  or  inconsistencies  between  text 
and  explanation 


Addressing  work  only  to  other  lunar 
geologists. 

Brief  list  of  unit  characteristics  that 
conveys  no  mental  picture. 


Reviewing  and  Editing 

The  Survey  b « a long  tradition  of  thorough  reviewing,  editing,  and  rework- 
ing of  manuscripts.-^^  This  process  necessarily  delays  the  publication  of  manu- 
scripts, but  usually  improves  them.  1 ^nar  maps,  in  particular,  have  gone  through 
an  agonizingly  long  period  of  examination  and  reworking — particularly  the  bad 
ones,  but  also  the  good  ones,  for  we  have  tried  hard  to  maintain  consistency  and 
achieve  clarity  in  the  face  of  continuing  scepticism  about  the  validity  of  our 
product.  Although  the  job  has  not  been  pleasant  for  reviewers  or  mapping  coordin- 
ators, 1 believe  it  had  to  be  dene.  When  you  have  finished  a job,  all  the  tine 
you  have  spent  on  it  is  largely  forgotten;  but  the  map  remains  there  forever  with 
your  name  on  it,  and  the  name  of  your  organization. 

For  lunar  maps,  the  Survey  review  and  edit  process  is  as  follows:  (1)  Branch 

Chief's  approval  of  authors'  ip,  title,  and  scope;  (2)  coordinator's  check  of  units 
and  fo'”**«at;  (3)  at  least  two  technical  reviews,  preferably  sequential  with  author's 
alterations  in  between,  but  sometimes  necessarily  simultaneous;  (4)  coordinator's 
and  Lunar  Geologic  Names  (Standards)  Coomittee  final  check;  (5)  Branch  Chief's 
review;  (6)  Technical  Reports  Unit  (TRU)  edit  of  map  and  (usually)  edit  of 
text;  (7)  Survey  Geologic  Names  Coosnittee's  check;  (8)  Director's  approval  (seldom 
any  changes;  sometimes  deletion  of  excess  material);  (9)  transmittal  to  Branch 
of  Technical  Illustrations  (BTI),  at  which  time  all  changes  must  cease  or  be 
charged  monetarily  against  the  author's  project.  For  book  reports  (professional 
papers,  bulletins,  and  outside  publications),  an  additional  exasperating  step 
comes  after  approval:  Branch  of  Texts  edit  and  preparation  for  the  printer. 

Book  reports  thus  go  through  two  Independent  mills — TRU  (Geologic  Division)  and 

Branch  of  Texts  (Publications  Division).  The  Survey  (Branch  of  Map  Reproduction — 

2/ 

BMR)  prints  maps;  the  Government  Printing  Office  (GPO)  prints  book  reports. — 

Reviewing  means  technical  reviewing  for  content  and  organization  by  a colleague; 
editing  means  checking  for  mechanical  defects,  spelling,  grammar,  format,  and 
departure  from  standards. 

2/  Additional  information  on  Survey  practice  and  standards  is  contained  in  the  manual 
"Suggestions  to  Authors  of  the  Reports  of  the  United  States  Geological  Survey" 
(U.S.  CJeol.  Survey,  1958). 
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Technical  reviewing  is  probably  the  most  iiaportant  step  in  this  aill.  Not 
even  the  best  author  can  connunicate  perfectly  to  a reader,  because  he  can  never 
put  himself  completely  in  the  reader’s  place;  there  is  always  something  the  author 
knows  that  he  subconsciously  assumes  the  reader  knows,  but  doesn't.  Also,  authors 
are  seldom  consistent  throughout  the  whole  map,  text,  and  explanation.  For  bad 
mappers  or  writers,  of  course,  the  review  process  will  Illuminate  even  %iorse  short- 
comings. So  I cannot  emphasize  strongly  enough  the  importance  of  thorough  reviews. 

A review  of  a map  is  a leajor  job;  it  should  take  several  days.  A review  will  not 
be  complete  unless  the  reviewer  colors  out  the  map  himself  while  examining  the 
photographs  upon  which  the  map  was  based.  He  must  constantly  go  back  and  forth 
between  photos,  map,  and  explanation.  So  if  you  are  going  to  undertake  a planetary 
(or  any)  map,  you  must  be  prepared  to  re  lew  heavily  and  be  reviewed  heavily. 
Dividends  are  improvement  of  your  own  aiap  by  colleagues'  reviews,  and  in^rovement 
of  your  own  mapping  by  your  review  of  other  maps;  you  learn  both  the  geology  of 
other  areas  and  the  techniques  of  other  workers. 

Review  comments  should  be  helpful,  not  consist  of  query  marks  or  sarcastic 
comments.  If  the  author  thought  he  was  wrong  or  was  not  communicating,  presumably 
he  would  have  expressed  himself  differently;  so  tell  him  your  objection  specifically. 

Comments  on  maps,  including  color  proofs,  are  to  be  written  in  the  margins, 
with  leaders  into  the  body  of  the  map  pointing  clearly  to  the  place  in  question. 

All  comments  by  reviewers  must  be  responded  to,  either  by  accepting  them  or 
rejecting  them  in  writing,  usually  in  notes  next  to  the  original  comment. 

And  finally,  the  faster  you  turn  to  the  review  job  when  it  is  given  you, 
the  faster  the  map  will  be  published.  Slow  reviews  are  the  biggest  reason  for  the 
Survey's  reputation  for  delayed  publication.  Because  of  this,  it  is  now  a general 
Survey  rule  that  when  one  recel'wes  a review  job,  he  drops  all  other  work. 
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PART  ITI 


HISTORY  OF  THE  U.S.  GEOLOGICAL  SURVEY  LUNAR  GEOLOTIC  MAPPING  PROGRAM 

Before  the  space  age  began  in  1957 » oost  investigators  concentrated  on  topi* 
cal  studies  of  selected  lunar  features  ( craters » lineament  patterns,  etc.)  for 
Che  purpose  of  deducing  their  origin,  or  confirming  a prejudice  for  either  ex* 
elusive  impact  or  exclusive  volcanic  origin  of  lunar  features.  Some  vhole*Moon 
studies  were  performed,  including  extensive  ones  by  people  with  a bias  for  In* 
cernal  origin  (Shaler.  Spurr.  von  Bulow,  Khabakov)  , and  less  elaborate  ones  by 
those  favoring  impact  or  mixed  origins  (Gilbert.  Baldwin.  Ruiper)7^  Few  lunar 
students  looked  systematically  for  stratigraphic  sequences  ir>  lunar  rocks,  and 
almost  all  thought  in  terss  of  physiographic  forms  (craters)  not  materials 
(crater  rim  materials).  What  vas  lacking  was  a systematic.  r*‘r2*‘^<»r4DhicalIv- 
based  geologic  mapping  effort  that  incorporated  as  strict  a separation  of  inter* 
pretation  and  observation  as  possible;  this  combination  has  been  the  charter  of 
the  Survey's  program. 

TWO  principal  Survey  products  stimulaced  by  the  dawning  space  age  nreceded 
the  main  mapping  program.  In  the  first,  for  the  Aro^  Corps  of  Engineers,  photo* 
geologist  Robert  J.  Hackman  drew  a map  at  a scale  of  1:3.800.000  showing  three 
stratigraphic  units — pre*mare,  mare,  and  post*iiiare  (Hackman  and  Mason.  1961). 

This  map  was  accompanied  by  maps  shoving  rayed  craters  and  physiographic  provinces 
(chiefly  Haexman)  and  by  rather  bold  terrain  evaluations  and  geologic  interpreta* 
tions  (chiefly  Mason).  In  the  course  of  this  work  Hackman  suspected  the  time  lag 
between  the  formation  of  the  Imbrium  basin  and  its  filling  by  mare  material,  be* 
cause  of  the  excess  of  fairly  fresh  (so  presumably  post*basin)  craters  on  the 
terra  (Hackman,  oral  cooRiunication.  1971).  In  a concurrent  and  independent  effort. 
Shoemaker  was  systematically  mapping  the  Copernicus  region  in  greater  stratigraphic 
detail,  at  the  scale  of  1:1,000.000.  Except  in  its  use  of  interpretive  unit  names, 
this  map  was  to  become  the  prototype  for  the  44  lunar  quadrangles  of  the  main 
Survey  systematic  effort.  A small  experimental  edition  was  printed  in  color,  but 
not  released  to  the  public,  by  the  U.S.  Air  Force  Aeronautical  Chart  and  Informa- 
tion Center  (ACIC).  The  base  vas  a prototype  shaded  relief  chart  made  by  ACXC.'^ 

\i  In  all  European  lunar  geological  publications  I have  seen,  an  Internal  origin 
is  favored  for  all  or  nearly  all  lunar  features,  and  the  same  vas  true  in  America 
before  the  space  age;  exceptions  were  the  works  of  Gilbert,  Barrell,  and  Dietz. 

It  vas  the  astronomers  who  favored  the  Impact  hypothesis,  and  they  were  scorned 
as  "caiastrophis ts"  by  the  geologists,  probably  still  defending  themselves  against 
bible-based  pre-geology.  The  current  acceptance  among  American  geologists  of 
impact  as  a major — but,  emphatically  net  sole — luiar  process  is  probably  due  to 
Shoemaker,  who  saw  the  validity  of  the  arguments  of  Gilbert  and  Baldwin,  and  who 
helped  discover  new  terrestrial  impact  craters.  The  Soviet  '*nd  o*“her  European 
geologists  apparently  still  prefer  to  explain  nearly  all  lunar  phenomena  by 
analogy  with  terrestrial  phenomena  familiar  to  them. 

bet  r«»xt  page. 
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(The  map  also  appeared  in  color  in  the  November  1963  edition  of  •‘Fortune.") 

While  mapping,  Shoemaker  recognized  the  fundamental  stratigraphic  succession: 

Imbriura  basin  - mare  material  - Eratosthenes  - Copernicus.  This  map  demonstra- 
ted, against  considerable  skepticism  and  opposition,  the  validity  of  the  geologic 
mapping  approach  to  lunar  studies.  As  a result  of  this  demonstration  and  the 
active  support  of  John  O'Keefe  (NASA  Headquarters),  Manfred  Eimer  (JPL) , Robert  Carder 
(ACIC)  . and  Lorin  Stieff  (t’SGS),  the  systematic  mapping  program  began  under  NASA 
sponsorship. 

The  stratigraphy  that  Shoemaker  had  worked  out,  a statement  of  stratigraphic 
principles  that  underlie  lunar  geologic  mapping,  and  a black-and-white  version 
of  the  Copernicus  proto t)rpe  map  were  published  in  a joint  paper  by  the  two  pioneers 
(Shoemaker  and  Hackman,  1962)  and  in  a paper  on  Interpretation  of  craters  by 
Shoemaker  ( 1962) . 

The  first  three  maps  published  in  the  systematic  program- -Kepler,  Letronne, 
and  Riphaeus  Mountains — showed  essentially  three  types  of  units — crater  materials, 
mare  materials,  and  terra  materials;  only  the  crater  materials  were  extensively 
subdivided  by  age  and  facies.  On  one  of  the  maps  in  an  early  violation  of  the 
principle  of  separation  of  interpretation  and  observation,  smooth  plains  and  hummocky 
materials  were  both  assigned  to  a unit  which  was  believed  to  be  the  ejecta  blanket 
of  the  Imbrium  basin.-^^  Such  distinct  units  should  always  be  distinguished  in 
mapping  even  if  they  ultimately  prove  to  have  similar  origins.  The  maps,  like  the 
early  stratigraphfc  system  of  Shoemaker  and  Hackman  (1962),  also  failed  to  separate 
clearly  rock-stratigraphic  and  time-stratigraphic  units,  such  as  the  rock  unit 
"mare  material"  and  the  time- stratigraphic  unit  "Procellarian  System."  An  impor- 
tant advance  was  recognition  of  the  presence  of  Imbrian-age  craters,  those  that 
are  younger  than  the  Imbrium  basin  but  older  than  the  mare  material. 

In  late  1962  and  early  1963  a group  of  new  mappers  was  recruited  by  Shoemaker 
to  augment  and  partly  replace  the  quartet  uf  himself,  Hackman,  Marshall,  and 
Cgg^eton;  a year  later  the  newcomers  were  ready  to  pressure  the  establishment  to 
make  certain  changes.  (These  young  Turks  are  now,  of  course,  the  establishment.) 

Good  agreement  was  reached  at  a stratigraphic  conference  of  all  mappers  in  November 
1963.  Rock-stratigraphic  and  time-stratigraphic  units  were  firmly  separated 

For  a discussion  of  this  unit's  nooienclatuie  history,  see  Wilhelms,  1970,  p,  F23-F27). 
^ (From  preceding  page).  The  Coperrlcuf  base  chart  by  ACT''  was  the  prototype 

of  their  highly  useful  and  well  executed  series  of  44  Lunar  Astronautical  Charts 
('LAC)  which  are  the  bases  for  all  the  Survey  1:1,000,000  geologic  maps  and  which 
give  their  names  to  the  maps.  The  airbrush  technique  proposed  by  ACIC,  like  otir 
geologic  mapping  technique,  was  at  first  regarded  as  unscientific,  old-fashioned, 
and  impossible  to  do  systematically.  However,  the  technique  was  successfully 
demonstrated  on  the  prototype,  and  ACIC  began  its  systematic  production  of  thr 
maps  under  Robert  Carder  in  St.  Louis  and  William  Cannell  at  Lov^ell  Observatory 
in  Flagstaff.  This  very  productive  and  at  times  brilliantly  effective  effort 
was  concluded  in  early  1969.  The  cooperation  between  ACIC  has  continued,  and  all 
Survey  lunar  maps  have  been  printed  on  ACIC  bases  except  a few  large-scale  maps 
of  potential  Apollo  landing  sites,  printed  on  Army  Map  Service  (Topocom)  photo- 
mosaics. 
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(McCauley,  1967,  p.  437;  Wilhelms,  1970,  p.  Fll,  F23,  F30-F32) ; fonnational  names 
were  introduced,  and  the  splitting  of  units  was  accelerated.  The  basic  time- 
stratigraphic  units  and  the  general  mapping  philosophy  agreed  on  at  this  meeting 
have  proved  adequate  for  completion  of  the  rest  of  the  1:1,000 ,000- scale  program 
and  the  recent  compilation  of  the  whole  area  of  44  quadrangles  at  a scale  of 
1:5,000,000  (Wilhelms  and  McCauley,  1971).  Subsequent  changes  in  conventions 
became  increasingly  minor  as  the  mapping  progressed.  Two  additional  meetings 
of  all  mappers  were  necessary  to  adjust  some  of  the  mapping  conventions.  Now, 
changes  are  handled  by  filtering  them  through  the  mapping  coordinator,  who 
listens  to  ideas  and  then  passes  them  around  to  tha  other  mappers  for  approval 
or  rejection. 

The  conventions  adopted  at  the  1963  meeting  have  proved  flexible  .enough  to 
permit  a slight  apparent  retrogression;  formational  names  have  been  down-played 
on  recent  maps  and  informal  designations  substituted.  For  example,  the  0 yley 
Fo.ma'rijn  and  Apennine  Bench  Formation  are  now  usually  called  "light  plains 
material,"  and  the  Gassendi  Group  of  crater  materials,  younger  than  the  Humorum 
basin  but  older  than  the  mare  material,  is  now  called  "crater  materials."  This 
is  done  because  it  is  each  individual  occurrence  of  a type  of  material,  not  the 
that  is  equivalent  to  a terrestrial  formation,  but  each  cannot  be 
given  a name.  So  all  plains  patches  or  craters  in  a given  time-stratigraphic 
system  are  grouped  together  and  designated  informally. 

The  downplaying  of  formational  names  became  particularly  necessary  when 
the  mappii^  moved  from  the  mare  and  circumbasin  regions,  with  their  laterally 
extensive  marker  units  useful  in  regional  correlations,  to  the  southern  cratered 
highlands,  which  seemed  to  offer  no  such  clearcut  stratigraphy.  Early  examination, 
based  on  telescopic  photography  and  visual  observations,  revealed  essentially 
three  types  of  topography:  craters,  plains,  and  hilly  intervening  terrain  ("moonite"). 

Most  authors  saw  no  good  laterally  continuous  units  in  the  hilly  terrain  which 
showed  a more  patchwork  texture  than  the  circumbasin  units,  although  some  (Cummingi^, 

Of fie Id)  believed  it  to  be  mantled  by  extensive  beds  of  volcanic  material.  Plains 
units  were  segregated  according  to  crater  density,  but  only  three  distinct  classes 
of  completely  flat  plains  were  recognized.  An  early  attempt  was  made  to  set  up 
discrete,  alternating  rock-stratigraphic  groups  of  crater  materials  and  plains 
materials  (Cozad  and  Tit ley,  unpublished) , but  the  stratigraphy  proved  too  com- 
plicated for  this.  Highland  geologic  studies  did  not  progress  much  until  Lunar 
Orbiter  photographs  became  available  (1967).  Textures  of  the  hilly  units  could 
then  be  better  evaluated,  and  as  a result,  several  units  of  ,'^ossible  terra  vol- 
canic s and  one  additional  distinct  basin  ejecta  blanket  (Nectar is)  were  distin- 
guished; but  some  hilly  terrain  has  not  been  separated  into  consistently  recog- 
nizable units,  and  may  never  be  (still  "moonite**).  One  of  the  previously  recog- 
nized plains  units  was  found  to  be  pre-lmbrian  in  age,  and  most  other  plains 
were  seen  to  form  a fairly  uniform  Imbrian  assemblage.  Craters  came  to  be  ranked 
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scratigraphlcally  according  to  their  morphology  and  to  serve  as  "guide  fossils" 
(Pohn  and  Of fie Id,  1970;  Wilhelms  and  McCauley,  1971).  A fairly  good  understand- 
ing of  Che  highlands  is  now  in  hand;  although  indeed  without  many  laterally 
continuous  unit«,  their  geology  is  explainable  in  terms  of  basins  or  absence  of 
basins,  accumulations  of  plains  materials  wherever  there  are  depressions,  and 
possibly,  local  superposition  of  positive  volcanic  landforms. 

A word  in  retrospect  about  the  utility  of  visual  telescopic  observations. 

ACIC  used  them  to  great  advantage,  overcoming  the  initial  scepticism  o^ntioned 
earlier,  and  improved  greatly  on  the  photographic  data.  Some  geologic  mappers 
also  used  them  successfully  to  "field  check"  relations  that  appeared  ambiguous 
on  photographs,  for  example,  the  age  of  a crater  relative  to  the  adjacent  mare 
material  (determined  from  the  presence  or  absence  of  secondary  impact  craters, 
which  are  coomonly  very  small).  And  all  mappers  saw  much  more  detail  at  the 
telescope  than  on  the  early  primitive  telescopic  photographs — though  not  always 
more  than  on  the  excellent  series  taken  by  G.  H.  Herbig  at  the  Lick  Observatory 
120- inch  ref lector- -and  got  a good  impression  of  the  important  effect  on  feature 
detectability  of  changing  illumination.  But  as  work  progressed  we  began  to  realize 
that  we  were  spending  too  much  time  to  gain  too  little  information.  Only  a few 
critical  relations  were  ever  tested  at  the  telescope,  and  most  geological  insights 
were  gained  from  protracted  studies  of  large  regions  on  photographs.  And  later 
when  we  compared  our  telescopic  notes  with  Orbiter  photographs,  most  of  us  realized 
that  we  had  not  seen  things  accurately  enough  for  good  geologic  Interpretation; 
lines  of  "volcanic  craters"  became  miscellaneous  semi-alined  depressions  or  spaces 
between  hills;  "faults"  became  ragged  scarps.  Much  of  this  was  due  to  the  rarity 
of  good  seeing.  But  in  any  case,  visual  observations  are  seldom  testable;  even 
valid  observations  are  not  scientifically  acceptable  unless  others  can  confirm 
them. 

Mapping  at  scales  larger  than  1:1,000,000  began  in  1964  on  the  basis  of 
Ranger  photographs  (Trask,  in  press).  Four  black-and-white  maps  were  incorporated 
in  another  report,  seven  black-and-white  ozalid  preliminary  maps  were  made,  and 
six  maps  were  published  in  color,  the  last  in  late  1971.  The  long  time  lag 
between  the  flights  of  the  Ranger  spacecraft  and  the  publication  of  the  last 
Ranger  maps  is  due  to  the  low  priority  given  these  maps  when  better  data  from 
Lunar  Orbiter  were  acquired.— ^ 

Maps  based  on  photographs  from  Lunar  Orb  iters  I,  II,  III,  and  V in  support 
of  Apollo  landings  were  produced  starting  in  1966.  A great  many  (27)  were  pro- 
duced quickly  for  screening  reports  printed  by  the  Langley  Research  Center, 
where  the  (highly  competent)  Lunar  Orbiter  Project  Office  was  located.  Seven  of 
the  areas  were  remapped  for  the  Manned  Spacecraft  Center  at  two  scales,  1:25,000 
and  1:100,000,  and  in  several  versions  each,  for  use  in  planning  Apollo  missions 
to  the  maria;  five  of  these  maps  at  1:25,000  and  seven  at  1:100,000  have  been 

1/  Hansen  (1970)  and^cGill  and  Chizook  (1971)  have  prepared  user's  guides  to 
Orbiter  photographs,  and  Bowker  and  Hughes  (1971)  have  compiled  a complete 
atlas  that  includes  a user^s  guide. 
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printed  in  color.  (Two  of  the  areas  became  landing  sites.)  The  1: 100 »000-scale 
maps  have  the  greater  scientific  interest,  largely  because  they  show  more 
stratigraphic  variety  and  place  the  geology  of  the  sites  in  a broader  context. 

Currently,  maps  at  large  scale  have  been  or  are  being  prepared  for  landings 
starting  with  Apollo  14,  the  (predominantly)  non-mare  missions.  These  maps  are 
more  interesting  to  make  and  read  than  those  of  the  mare  sites  because  they  cover 
geologically  more  diverse  terrain,  and,  significantly,  because  most  of  them  Include 
relatively  fresh  features.  At  large  scales,  most  of  the  Moon  is  quite  uniform  and 
subdued-appearing  and  becomes  diverse  only  In  young  features,  whose  distinctive 
textures  have  not  yet  become  degraded. 

Another  way  of  seeing  a diverse  Moon  is  to  look  at  it  from  a distance.  The 
mapping  based  on  Lunar  Orb iter  IV  photographs  (starting  May  1967)  has  probably 
been  the  most  interesting  and  productive  of  all.  These  photographs  have  been 
used  to  modify  20  of  the  36  1: 1,000,000-scale  quadrangles  partly  mapped  at  the 
telescope  and  to  map  8 more  quadrangles  in  their  entirety.  The  1:5 ,000,000-scale 
near-side  map  (Wilhelms  and  McCauley,  1971)  was  satisfying  to  make  and  is  a good 
medium  of  communication  for  the  important  things,  though  it  is  a little  crowded. 

The  time,  money,  and  base  maps  that  are  a >^a liable  coincide  with  this  preference, 
and  mapping  of  the  two- thirds  of  the  Moon  not  covered  by  the  near- side  map  is  being 
done  at  the  1:5, 000, 000-scale.—^ 

A short  account  of  the  effectiveness  of  the  early  quick- look  work  versus  the 
later,  drawn-out,  inductive  mapping  will  be  of  interest  to  mappers  attacking  a new 
planet.  Some  of  the  basic  facts  about  the  Moon's  structure  and  evolution  were 
thought  out  early  in  the  game  by  Gilbert  (1893),  Hackman  and  Mason  (1961),  Shoemaker 
(1962),  Baldwin  (1949,  1963),  and  Kuiper  (1959).  They  saw  that  most  craters  and  the 
basins  were  of  Impact  origin,  but  that  the  basins  were  filled  in  a relatively  brief 
time  by  volcanic  marc  material.  Also,  quite  early,  Baldwin  (1949),  Shoemaker, and 
Hackman  (see  above)  perceived  the  important  fact  that  a time  gap  Inter^/ened  be- 
tween basin  formation  and  filling.  Important  contributions  of  the  later  mapping 
were  the  recognition  of  the  light  terra  plains  as  a major  unit  that  apparently  be- 
longed neither  to  the  basins  or  the  maria,  and  the  tentative  recognition,  on  Lunar 
Orbiter  photographs,  of  terra  volcanlcs  vbrlght,  positive  relief).  The  Impact 
origin  of  the  basins  was  clinched  by  studies  of  the  Orientale  basin  and  the  dis- 
covery, through  systematic  mapping,  of  the  Orientale,  Imbrium,  and  Nectaris  secon- 
dary craters.  Moreover,  the  fundamental  role  played  by  the  basins  in  nearly  every 
way  became  clearer.  Including  their  influence  on  vo lean ism  and  the  major  contribu- 
tions by  buried  and  degraded  basin  ejecta  to  the  total  volume  of  lunar  surface 
materials.  Apollo  radiometric  dates  have  shown  that  the  '’relatively  brief  time" 
of  mare  formation  is  brief  if  ^he  total  number  of  lunar  feature- forming  events  is 
taken  as  the  scale,  but  that  substantial  mare  formation  actually  occupies  a con- 

]^/  Given  the  best  possible  photography  I believe  that  a scale  of  1:2,500,000  would 
be  optimum  for  mapping  the  Moon.  Smaller  scales  are  crowded  and  do  lose  some 
data  of  interest,  such  as  small  fresh  features,  whereas  the  Information  that  can 
be  shown  at  larger  scales  is  not  very  significant  in  most  regions,  because  of  the 
smooth  appearance  of  most  terrain. 
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siderable  portion  (half  a billion  years)  of  the  total  most  active  part  of  lunar 
history  (the  first  1 1/2  billion  years).  The  impact-volcanic  controversy  for 
crater  origin  has  shifted  In  favor  of  Impact,  but  some  craters  are 'certainly  of 
volcanic  origin. 

In  sunmary,  the  ea.^ly  work  deduced  some  origins,  and  the  later  work  documented 
these  origins,  charted  the  extent  of  the  various  units,  deduced  the  three-dimen- 
sional structure  over  much  of  the  crust,  and  discovered  new  fundamental  units. 

This  has  resulted  In  a good  model  of  the  structure  and  evolution  of  the  Moon  that 
puts  each  crustal  component  In  perspective  of  the  whole.  The  problem  with  em- 
phasising origins  is  that  nearly  everyone  plays  with  only  certain  ones.  Seveiral 
people  that  did  this  may  have  been  right,  but  many  others  were  wrong  for  one 
reason  or  another — including  selection  of  analogs  that  contain  only  those  elements 
that  nourish  special  prejudices.  So  insight  can  establish  working  hypotheses, 
but  these  must  be  tested,  modified,  and  amplified  by  systematic  study,  which  forces 
examination  of  the  geometric  relations,  areal  distribution,  and  sequence  of  forma- 
tion of  all  crustal  elements. 
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Systematic  geologic  mapping  of  the  near  side  of  the  Moon  has  provided  the 
basis  for  defining  and  delineating  the  major  geological  provinces  of  the  near  side. 

From  the  nature  of  the  provinces  and  their  distribution  patterns  a general 
historical  sequence  evolves.  Five  main  surface-shaping  periods  are  recognized: 

(1)  one  of  intense  early  impact  cratering;  (2)  another,  probably  overlapping  the 
first,  during  which  the  impact  basins  were  formed ; (3)  a prolonged  period  of  varied 
terra  volcanism;  (4)  a short  period  of  mare  volcanism  that  resulted  in  filling  of  the 
multiring  basins ; and  (5)  a period  of  diminishing  volcanic  activity  continuing  up  to 
the  time  of  formation  of  the  last  ray  craters. 

The  relative  sequence  in  which  most  of  graphy  and  the  lithologic  interpretations 
the  Moon’s  major  surface  features  formed  presented  in  the  text  that  accompanies  the 
has  been  determined  from  systematic  map. 

lunar  geologic  mapping  begun  by  the  U.S.  Various  derivative  products  that  depict 
Geological  Survey  in  1961  (Shoemaker  and  certain  aspects  of  the  Moon’s  crustal 
Hackman,  1962;  McCauley,  1967;  Wil-  evolution  have  been  prepared  from  the 
helms,  1970).  The  data  used  were  almost  near  side  map.  One  of  these  to  be  published 
exclusively  photographic,  starting  with  at  the  1 : 10,000,000  scale  shows  the  major 
the  best  available  telescopic  photographs  geologic  provinces  as  now  recognized 
and  later  supplemented  by  the  Ranger,  (McCauley  and  Wilhelms,  in  preparation). 
Surveyor,  and  Lunar  Orbiter  photographs.  It  is  reproduced  in  generalized  form  and 
The  most  productive  of  these  flights  from  at  reduced  scale  in  Fig.  1 which  represents 
the  standpoint  of  an  improved  regional  an  interim  product  pending  review  and 
understanding  of  the  Moon  was  Orbiter  IV  publication  of  the  1 : 10,000,000  scale  map. 
w^hich  provided  nearly  uniform  80-m  As  in  the  case  of  terrestrial  geologic 
resolution  coverage  of  most  of  the  near  side,  province  maps,  each  unit  consists  of  a 
Fi-eparation  of  a geologic  map  of  the  near  related  rock  assemblage  and  is  charac- 
siHe  at  1 : 6,000,000  scale  commenced  with  terized  by  a similar  inferred  origin  or  a 
the  final  acquisition  of  the  Orbiter  IV  distinctive  history.  The  provinces  differ 
d'.ta  late  in  1967.  This  map  (Wilhelms  and  markedly  in  relative  age  and  regional 
McCauley,  1971)  is  a synthesis  built  upon  distribution  pattern;  it  is  these  differences 
the  results  from  the  44  quadrangles  of  the  that  lead  to  a general  understanding  of  the 
U.S.  Geological  Survey’s  1 : 1,000,000  scale  sequential  evolution  of  the  near  side, 
systematic  program  and  it  summarizes  our  A descriptive  name  and  a generalized 
current  understanding  of  the  regional  order  of  formation,  from  the  youngest  to 
geology  of  the  near  side.  It  was  completed  the  oldest,  is  given  in  the  caption  of 
in  manuscript  form  prior  to  Apollo  11;  Fig.  1.  The  younger  provincial  units  lie 
preliminary  Apollo  11  and  12  results  were,  mostly  in  depressions  and  are  interpreted 
however,  incorporated  during  manuscript  as  volcanic  in  origin.  These  include  the 
processing.  These  data  are  consistent  with  dark  mantles  (dm)  which  cover  terra  units 
the  previously  determined  relative  strati-  of  lighter  albedo  and  frequently  lie  across 

mare-terra  contacts.  They  are  interpreted 
^ Publication  authorized  by  the  Director,  U.S.  ns  thin  veneers  of  pyroclastic  materials 
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of  the  mare  basalts  but  which  are  mostly 
later  than  the  main  pulse  of  mare  flooding. 
Their  very  dark  albedo  suggests  a distinc- 
tive composition  and  possibly  a more  deep 
seated  origin  than  for  the  maria.  The 
plateau  units  (mp)  within  the  maria,  of 
which  the  Marius  Hills  region  is  the  largest 
and  best  example,  consist  predominantly 
of  aggregates  of  cones  and  domes  that  lie  on 
broadly  elevated  plateaus  or  shield-like 
structures.  These  plateaus  are  later  than 
the  adjacent  maria  and  are  interpreted  to 
consist  of  pyroclastics  and  relatively 
viscous  flows  of  the  same  or  more  probably 
slightly  different  composition  than  the 
maria  (McCauley,  1969).  They  may  repre- 
sent the  late  stage  fractionation  products 
of  mare  flooding,  ard  thereby  be  more 
felsic  in  composition.  The  younger  mare 
(my)  is  generally  darker,  less  cratered,  and 
more  patchy  in  its  distribution  than  most 
of  the  older  mare  exposed  on  the  near  side. 
Contacts  tend  to  be  gradational  or  are 
diffuse  because  of  superposed  ray  cover. 
Some  boundaries,  however,  are  coincident 
with  faint  color  differences  (McCord,  1969). 
This  unit  is  interpreted  to  consist  of 
relatively  thin  flows  with  possible  sub- 
ordinate pjnx)clastic  deposits  present.  The 
unit  mapped  probably  resembles  petro- 
logically  the  rocks  sampled  by  Apollo  12. 
The  older  mare  (mo)  is  of  dark  to  inter- 
mediate albedo  and  lies  almost  exclusively 
V ' thin  the  major  near  side  multiring  basins 
or  in  concentrically  positioned  structural 
troughs  that  are  part  of  their  associated 
“ring”  systems.  The  surface  of  this  unit 
marks  the  end  of  the  main  pulse  of  mare 
flooding  and  it  defines  the  top  of  the 
Irabrian  System  (Wilhelms,  1970).  Repre- 
sentative samples  of  this  unit  were  collected 
‘I  iring  the  Apollo  11  ndssion.  The  young 
Mains  (py)  of  light  albedo  partly  fill  some 
of  the  basins,  irregular  terra  depressions, 
and  the  floors  of  large  ancient  terra  craters. 
Wher''  in  contact  with  the  mare  they  are 
embayed  and,  therefore,  older  than  the 
mare;  they  also  show  a demonstrably 
higher  frequency  of  small  craters.  This  unit, 
although  subordinate  in  areal  extent  to  the 
mare  materials  on  the  near  side,  is  of 
considerable  significance  as  a Moon-wide 
depression  filler;  on  the  far  side  it  occupies 


the  floors  of  most  of  the  multiring  basins 
and  lai^e  craters.  Its  origin  remains 
unclear.  It  could  consist  mostly  of  impact- 
lightened  older  mare  or  compo-  tionally 
distinct  volcanic  flows  that  preceded 
the  main  pulse  of  near-side  magmatic 
activity. 

Two  distinct  types  of  terra  that  appear 
tc  modify  older  more  densely  cratered 
surfaces  are  now  recognized  and  their 
distribution  pattern  shown  on  the  map 
(units  hf  and  hp).  The  first,  which  is 
described  mostly  as  hilly  and  furrowed, 
consists  of  closely  spaced  linear  structures 
with  interspersed  equidimensional  hills. 
The  linear  structures  show  furrows  along 
their  crests  and  closely  resemble  terrestrial 
fissure  cones.  The  second  unit  consists  of 
rolling  plain.",  and  plateaus  which  show 
numerous  ciosely  spaced  rimless  or  smooth 
rimmed  pits,  mostly  in  the  2-6  km  size 
range.  Within  these  provinces  few  large 
pre-Imbrian  craters  are  present ; those  that 
do  occur  appear  to  be  embayed  or  partly 
covered  by  these  units.  Both  are  inter- 
preted as  volcanic  in  origin  and  as  the 
products  of  a pre-mare  episode  of  terra 
volcanism  that  is  probably  compositionally 
distinct  from  the  later  basalt  flooding  of 
the  near  side  basins  (Wilhelms  and 
McCau)  y,  1969).  One  patch  of  hilly 
and  furrowed  material  in  the  Descartes 
region  is  the  current  target  for  Apollo 
16. 

The  terra  of  the  younger  basins  (tb) 
consists  of  the  recognizable  ejecta  blankets, 
the  elevated  and  most  prominent  parts  of 
the  encompassing  structural  rings,  and  the 
radially  lineated  terrain  surrounding  the 
three  youngest  near-side  basins — Orien- 
tals, Imbrium,  and  Nectaris.  Also  included 
is  the  most  prominent  ring  around  the 
Crisium  basin  although  it  does  not  show  a 
now  recognizable  ejecta  blanket.  This  unit 
is  interpreted  as  a lithologically  complex 
mixture  of  shocked  and  unshocked  breccias 
excavated  from  deep  within  the  central 
parts  of  the  basin  and  redistributed  as 
much  as  a 1000km  or  more  over  the  Moon’s 
surface.  Bocks  of  this  type  were  sampled  in 
the  Fra  Mauro  region  during  the  Apollo  14 
mission.  They  clearly  should  consist  of 
relatively  primitive  lunar  materials — some 
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of  which  may  be  magmatic — and  the  re- 
worked ejecta  of  the  older  basin  blankets 
and  impact  craters  that  were  located  within 
the  region  of  the  crater  produced  during 
multiring  basin  formation.  Heavily  cra- 
tered plains  (po)  fill  several  large  depres- 
sions in  the  southeast  quadrant  of  the  near 
side.  Most  of  the  superposed  craters  appeui 
to  be  of  Imbrian  age  and  many  are  probable 
secondary  impact  craters  of  the  Imbrium 
basin.  These  plains  generally  resemble 
those  of  unit  py  but  were  emplaced  before 
the  Imbrium  event  whereas  unit  py 
truncates  many  T*^brium  related  struc- 
tures. These  older  plains  are,  however, 
younger  than  the  Nectaris  event  which  is 
of  pre-lmbrian  age.  Their  general  similarity 
to  the  younger  plains  suggests  a common 
origin. 

The  most  extensive  near-side  terra 
province  (tu)  consists  of  nondescript  blocky 
hills  and  unevenly  filled  irregular  to  some- 
times linear  depressions  along  with  what 
appear  to  be  segments  of  mantled  craters. 
I^obable  volcanic  landforms  are  sparsely 
distributed  and  the  unit  most  likely 
consists  largely  of  erosionally  degraded, 
interlayered  ejecta  from  the  more  ancient 
near-side  basins  such  as  Oisium, 
Humorum,  and  Serenitatis.  Cratered  terra 
(tc)  occupies  most  of  the  south-central 
part  of  the  near  side.  This  unit  was  named 
the  macro-crater  province  by  Hackman 
and  Mason  (1961).  It  consists  mostly  of 
closely  spaced  60-160km  craters  of  early 
pre-lmbrian  age ; probable  volcanic  mater- 
ials, except  for  the  terra  plains  in  crater 
floors,  are  absent  as  are  recognizable  basin 
related  deposits.  The  almost  shoulder  to 
shoulder  array  of  ancient  craters  which 
characterizes  this  province  suggests  that  it 
represents  a very  primitive  surface  little 
modified  by  later  internal  activity  or 
basin-forming  events.  It  lies  outside  the 
range  of  deposition  and  structural  dis- 
location associated  with  multiring  basin 
formation,  which  probably  accounts  for  its 
preservation. 

The  definition  and  delineation  of  these 
major  near-side  provinces  yields  the  follow- 
ing general  historical  sequence:  (1)  An 
early  period  of  intense  bombardment  that 
produced  a surface  essentially  saturated 


with  craters  in  the  60-160kra  size  ran."'?. 
(2)  A period  of  impact  basin  formation, 
probably  overlapping  the  first  period, 
during  which  ejecta  blankets  were  em- 
plavdd  around  all  of  the  muitiring  basins; 
older  basin  structures  and  blankets  were 
catastrophically  aged  by  the  newer.  (3)  A 
period  of  terra  volcanism  which  began 
during  basin  formation  and  continued  at 
least  until  after  the  Imbrium  event.  Some 
of  the  younger  plains,  appear  to  postdate 
Orientale.  (4)  A main  pulse  of  basaltic 
volcanism,  also  of  relatively  short  duration, 
which  flooded  the  depressed  parts  of  the 
near-side  basins  to  varying  levels.  (6) 
Diminished  volcanic  activity,  possibly  of 
distinct  composition,  continuing  up 
through  the  time  of  formation  of  the  last 
ray  craters.  Contemporaneously  with  these 
last  four  major  evolutionary  episodes, 
impact  cratering  continued  but  probably 
at  a progressively  diminishing  rate,  for 
simplicity  these  craters  have  not  been 
included ; where  present  and  of  large  size 
(on  the  order  of  100  km)  the  major  pro- 
vincial boundaries  have  been  extrapolated 
beneath  these  younger  features. 
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Systematic  geologic  mapping  of  the  lunar  near  side  has  resulted  in  the  assignment 
of  r^tive  ages  to  most  visible  features.  As  a derivative  (d*  this  work,  getdogic  and 
artistic  interpretations  have  been  combined  to  produce  reccMistructions  ot  the 
Moon’s  appearance  at  two  significant  pmnts  in  its  history.  Tlw  reconstructions, 
although  generalized,  show  the  Moon  (1)  as  it  probably  ^f^ieared  about  3A  billkm 
years  ago  after  most  of  the  mare  materials  had  accumulatea,  and  (2)  about  4.0 
Inllion  years  ago  after  formation  of  the  youngest  of  the  large  multiringed  basins, 
but  prior  to  appreciaUe  flooding  by  mare  material. 


Two  reconstructions  of  the  visual  appear- 
ance of  the  Moon  at  geologica  lly  significant 
points  in  its  evolution  have  been  derived 
from  the  results  of  the  U.S.  Geological 
Survey’s  lunar  geologic  mapping  program 
as  recently  summarized  in  a 1 : 5,000,0(10- 
scale  map  of  the  near  side  (Wilhelms  and 
McCauley,  1971 ; McCauley  and  IVilhelms, 
1971).  (]leol<^cal  and  artistic  interpreta- 
tions have  been  combined  to  pi^uce 
these  geological  visualizations.  The  present 
Moon  and  the  features  discussed  in  this 
paper  are  shown  in  Fig.  1.  The  artist, 
Davis,  working  {uincipally  under  the 
guida*.,^  of  Wilhelms,  us^  the  1 : 5,000,000 
geolc^c  map  .dentify  features  younger 
than  the  top  of  the  mare  basalt  sequence 
that  fills  to  varying  levels  the  near  side 
multiring  basins.  These  younger  features 
were  then  removed  from  the  Mcx>n’s 
present  face  for  the  first  reconstruction 
(Fig.  2).  An  older  stratigraphic  datum — 
the  top  of  the  Orientale  ejecta  blanket 
(the  Hevelius  Formation) — was  similarly 
used  for  the  second  reconstruction  (Fig. 
3).  Features  older  than  these  stratigraphic 
horizons  were  nhanced  or  freshrued 
according  to  their  position  in  the  relative 
stratigraphic  sequence  determined  during 
the  geologic  mapping.  Most  of  the  older 
major  craters  are  assumed  to  have  had  an 
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initial  mcsrphology  like  that  of  the  young 
craters  (Copernicus  w l^cho.  In  tiie  Bectmd 
reconstructitm,  wh^  visible  evidmice 
was  lacking  because  of  mare  flooding, 
the  interiw  parts  of  the  multiring  basins 
were  assumed  to  be  amilar  to  Uiose  of  the 
youngest  of  these  structures,  Orientide, 
the  geol<^  of  which  has  been  summarized 
by  Mut<^  (1970,  pp.  143-156).  Also  by 
anal<^  the  nature  of  the  now  partly 
buried  ejecta  blankets  recognized  around 
the  Imbrium  (Fra  Mauro  Formation)  and 
Nectaris  (Janssen  Formation)  bas'ns  were 
assumed  to  be  similar  to  the  better  pre- 
served blanket  around  Orientale. 

The  first  reconstruction  (F^.  2)  rejue- 
sents  the  Moon  after  deposition  of  most 
of  the  mare  material  but  befesre  the  forma- 
tion of  the  major  post-mare  deposits  and 
craters — that  is,  at  the  end  of  the  Imbrian 
Period  or  the  beginning  of  the  Eratos- 
thenian  Period.  Dating  of  Apollo  1 1 and  12 
rocks,  whose  relative  stratigraphic  position 
had  previously  been  determined  photo- 
geologically,  suggests  that  this  time  was 
about  3.3  billion  years  ago.  The  Moon’s 
appearance  at  this  time  is  relatively 
easy  to  reconstruct  because  post-maie 
materials  obscure  only  a small  percentage 
of  the  surface.  The  underlying  topography 
is  partly  visible  through  all  but  the  inner- 
most deposits  of  the  Eratosthenian  (ray- 
less) and  Copernican  (rayed)  craters, 
and  these  collectively  cover  only  about 
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IdLTieal  rlnminaiiee  uf  tin*  stnutiires  and 


spif(M»f  the  veryaneH'nt  f i me  ii  presented 
less  than  halfway  1 hrmi^h  the  histniy  nj  t \iv 
.Mnr>n  - tS>e  Mrwaj  s snrfu  e mut  h like 

<he  present  Aha  Hi  nutl  pi^uplt'  nnfaniiliai- 
u itlj  ils  snrfai^e  di^tails  must  !iM»k  eandull\' 
to  f letect  t fie  thlTei’eiiees. 

'riie  sen  aid  reeimstruetinu  lV\u^ 
sluiw^the  Aloon  at  a still  earlier  fiim'  in  its 
history*  hefore  the  roek-*  ni  the  pn^siail 
mare  snrfaee^  wrrr  emplaeed  and  short l\ 


m 

liiankets  of  the  multiringed  basins  is 
strikingly  revealed.  Predominant  among 
these  is  the  Imbrium  basin  whose  deposits, 
the  Fra  Mauro  Formation,  were  probably 
sampled  during  the  Apollo  14  mission. 
Although  the  artist  necessarily  had  to  add 
details  for  which  there  is  no  direct  evidence, 
the  pre-mare  appearance  of  the  Imbrium 
basin  can  be  reconstructed  with  a fair 
degree  of  accuracy  from  the  present 
appearance  of  the  relatively  nonflooded 
Orientale  basin.  Those  features  associated 
with  the  Imbrium  basin  now  exposed  at 
the  surface  appear  to  be  the  erosionally 
degraded  equivalents  of  similarly  posi- 
tioned features  of  the  Orientale  basin. 

Craters  shown  in  regions  now  covered 
by  mare  materials  were  reconstructed 
where  a partial  rim  crest  or  ghost-ring 
structure  is  present.  Incipient  mare  fill 
is  shown  where  the  greatest  present 
concentrations  presumably  exist — in  the 
deepest  depressions,  especially  those  basins 
that  contain  “mascons.”  The  amount  of 
mare  material  portrayed  in  Fig.  3 is 
dependent  on  the  depth  of  the  basin  or 
depression,  not  upon  the  age,  because 
several  lines  of  stratigraphic  evidence 
imply  that  mare  age  is  independent  of 
basin  age. 

Light  plains,  which  appear  to  be  mostly 
older  than  the  maria,  are  shown  at  each 
locality  where  now  present  but  in  somewhat 
diminished  amount.  Some  light  plains 
are  also  shown  in  deep  places  now  buried 


by  mare  material  in  the  multiringed 
circular  basins.  Possibly  more  light 
material  is  present  than  is  shown.  This 
would  be  true  if  the  plains  were  formed 
by  extensive  Moon-wide  eruptions  of 
“terra-type”  (felsic)  magmas.  In  this  case 
even  this  very  ancient  lunar  face  would 
closely  resemble  the  present-day  Moon, 
except  for  the  higher  albedo  of  the  basin- 
filling plains. 

Reconstructions  farther  back  into  the 
Moon’s  past  are  possible,  though  they 
would  be  increasingly  speculative  in  de- 
tails, particularly  because  of  our  present 
ignorance  of  the  role  of  volcanism  in  early 
lunar  history.  A reconstruction  in  pre- 
Imbrian  time  w'ould  show  a Moon  much 
like  that  of  Fig.  3,  but  without  the  Imbrium 
basin  and  with  the  older  basins  appearing 
considerably  fresher.  Successively  older 
faces  would  lack  increasingly  more  of  the 
presently  known  basins  and  craters,  and 
would  contain  others  now  obliterated  or 
unrecognized. 
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The  significance  of  huge  circular  or  multi-ring  basins  on  the  Moon  was  pointed  out  by 
G.  K.  Gilbert  (1893).  He  interpreted  the  basins  as  impact  scars,  and  all  the  most  recent  evidence 
agrees.  Gilbert  was  followed  by  several  volcanic  enthusiasts,  but  an  impact  origin  was  again  favored 
for  the  basins  by  the  detailed  descriptions  of  Baldwin  (1963)  and  Hartmann  and  Kuiper  (1962). 
Apollo  samples  of  breccias  from  basin-related  materials  seem  to  confirm  an  impact  origin.  The 
distribution  of  identifiable  basin  ejecta,  as  mapped  by  Wilhelms  and  McCauley  (1971),  is  shown  in 
figure  1. 

The  Soviet  spacecrafts  Lunik  3 and  Zond  3 showed  that  dark  maria  were  uncommon  on  the 
lunar  far  side,  but  as  shown  in  figure  2,  basins  are  as  common  there  as  on  the  near  side  (Stuart- 
Alexander  and  Howard,  1970).  This  relation  emphasizes  the  important  concept  (Shoemaker  and 
Hackman,  1962;  Wilhelms,  1970)  that  basins  are  distinct  from  the  mare  rocks  that  fQl  them. 
Post-basin  filling  by  mare  rocks  has  hidden  much  of  the  Imbrium  Basin  from  view.  The  sequence  of 
modification  of  Imbrium  is  depicted  by  figures  3-6.  The  early  geography  of  the  Imbrium  Basin 
(fig.  3)  was  reconstructed  by  comparison  with  a fresher  and  less  flooded  example,  the  Orientale 
Basin  (fig.  7). 

The  Orientale  Basin  has  served  as  a type  example  for  studies  of  basin  stratigraphy  and  structure 
(McCkuley,  1967,  1968;  Masursky,  1968,  Mutch,  1970).  Older  basins  are  similar  but  more  degraded 
and  more  heavily  cratered  (fig.  8)  (Stuart-Alexander  and  Howard,  1970;  Hartmann  and  Wood, 
1971).  Geologic  mapping  of  Orientale  (fig.  9)  reveals  several  stratigraphic  units.  Qackled  floor 
material  in  the  inner  basin  may  be  a thick  layer  of  impact  melt  (fig.  10(a)).  Knobby  material 
between  the  third  (Rook)  and  fourth  (Cordillera)  mountain  rings  is  puzzling  but  may  represent 
slumped  ejecta.  Radially  lineated  ejecta  outside  the  basin  is  named  the  Hevelius  Formation.  The 
Hevelius  covers  pre-existing  craters  and  is  distributed  widely,  thus  demonstrating  a catastrophic 
origin  for  the  basin.  Parts  of  the  Hevelius  have  been  compared  in  texture  to  turbidites,  to  ava- 
lanches, and  to  pyroclastic  flows.  Patterns  in  the  Hevelius  thus  suggest  deposition  as  a ground- 
hugging  flow,  likened  to  a base  surge  by  McCauley  (1968)  and  Masursky  (1968).  This  base-surge 
concept  remains  controversial  because  the  source  of  any  interstitial  fluids  is  unknown.  Lunar 
samples  of  probable  basin  ejecta  at  the  Apollo  14  and  17  sites  (table  1)  show  evidence  of  high 
temperature  and  suggest  the  ejecta  was  hot.  Many  hundreds  of  kilometers  outside  the  basin,  the 
Hevelius  grades  outward  to  smooth  mantles  and  plains  deposits.  Clusters  of  craters  5 to  25  km 
across  radiate  from  the  basin  and  are  confidently  interpreted  as  secondary  impact  craters.  The  basin 
formed  quickly  and  required  such  enormous  energies  (estimates  range  from  10^ ' to  10^  ^ ergs)  that 
any  internal  origin  is  inadequate.  The  basin  must  be  the  product  of  a very  large  impact. 

The  bullseye  structure  of  Orientale  is  made  by  several  concentric  mountain  rings  with  steep 
inward-facing  scarps  (figs.  7,  KKa)).  The  two  main  hypotheses  for  these  rings  are  that  they  are  fault 
scarps  formed  by  collapse  into  the  transient  basin  (Hartmann  and  Kuiper,  1963;  McClauley,  1968) 
or  that  they  are  frozen  tsunamilike  waves  (Van  Dorn,  1968;  Baldwin,  1972);  possibly  both  hypothe- 
ses are  correct. 
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Uplift  of  the  rim  (Baldwin,  1972)  favors  a wave  origin,  whereas  the  steepness  and  freshness  of 
the  wall  scarps  favor  a fault  origin.  A fault  origin  for  at  least  the  outer  scarp  is  also  favored  by 
comparison  with  small  2-ring  basins  such  as  Schrodinger  and  Antoniadi  (fig.  1 1(a)).  At  these  small 
basins,  the  wall  scarp  clearly  represents  a series  of  slump  terraces,  just  as  in  large  craters  (fig.  1 1(b)). 
Peak  rings  in  the  center  seem  to  be  transitional  with  central  peaks  of  large  craters  (fig.  1 1)  and  may 
be  bedrock  uplifts.  Experience  with  terrestrial  impact  and  explosion  craters  shows  that  downward 
and  inward  movements  along  slump  faults  at  the  crater  margin  are  expressed  in  the  substructure. 
These  displacements  are  matched  by  inward  and  upward  movement  under  the  center  of  the  crater. 
These  adjustments  apparently  occur  during  or  immediately  following  crater  formation  (Milton  and 
Roddy,  1972).  If  the  analogy  can  be  extended  to  multi-ring  basins  (Dence,  1972;  Howard  et  al., 
1974),  then  dowmfaulting  at  the  basin  margins  may  go  together  with  huge  uplifts  of  the  lunar 
mantle  under  the  basin  center  (fig.  10(b)).  Such  a geometry  would  be  consistent  with  the  observed 
gravity  profile  at  Orientale  (fig.  10(b)). 

Large  positive  gravity  anomalies  characterize  all  obvious  mare-filled  circular  basins  on  the  near 
side.  The  gravity  field  was  identified  from  anomalous  accelerations  of  Lunar  Orbiters  (Muller  and 
Sjogren,  1968).  The  positive  free-air  anomalies  represent  mass  concentrations  nicknamed  mascons. 
Most  mascons  seem  best  explained  as  thin  discs  of  dense  mare  basalt  (Conel  and  Holstrom,  1968); 
the  relative  contributions  of  mantle  uplifts  (Wise  and  Yates,  1970),  such  as  is  depicted  in  fig- 
ure KKb),  is  uncertain.  Mascons  represent  loads  in  excess  of  isostasy  that  have  exists  since  the 
undeformed  mare  lavas  were  emplaced  approximately  3.5  b.y.  ago.  Recent  studies  of  mare  stratig- 
raphy and'structure  in  the  Serenitatis  basin  reveal  that  the  early  mare  lavas(c.a.  3.7  m.y.  old) sagged 
into  the  basin  but  the  youngest  lavas  are  relatively  undeformed  (fig.  12).  This  sequence  may  record 
a progressive  stiffening  or  thickening  of  the  lunar  lithosphere. 

Recent  geologic  moping  of  the  lunar  limbs  and  far  side,  together  with  Apollo  results,  appear 
to  confirm  that  multi-ring  ba^s  account  for  most  or  all  prepare  regional  deposits  and  structures 
expressed  in  the  lunar  landscape  (Howard  era/.,  1974).  Highland  deposits  of  plains,  furrowed  and 
pitted  terrain,  and  various  hills,  domes,  and  craters  that  were  interpreted  before  the  Apollo  missions 
as  volcanic  can  now  be  interpreted  as  basuKelated.  A province  map  of  the  whole  Moon  (fig.  2) 
shows  that  the  relatively  young  Orientale  and  Imbrium  basins  imprinted  and  rejuvenated  much  of 
the  Moon’s  surface;  older  basins  must  have  also.  The  most  primitive  cratered  surface  remaining  is 
mostly  on  the  far  side,  distant  from  Imbrium  and  Orientale  and  other  large  relatively  young  basins. 
All  five  lunar  landings  in  the  highlands  sampled  stratigraphic  units  probably  related  to  basins 
(table  1). 

Several  nearly  obliterated  basins  have  been  discovered  recently,  including  a deep  one  on  the  far 
side  that  is  as  wide  as  the  Moon’s  radius.  The  presence  of  these  ancient  basins  suggests  that  the 
surface  is  effectively  saturated  by  basins  and  that  many  others  were  completely  destroyed  by  later 
impacts.  The  visible  basins  formed  after  solidification  of  the  lunar  crust.  Basin  impacts  may  have 
churned  the  crust  to  large  depdis.  flow  that  multi-ring  basins  are  known  on  the  Moon,  Mars 
(Wilhelms,  1973),  and  Mercury,  it  seems  likely  that  such  basins  were  important  in  shaping  the  early 
Earth’s  crust  also. 
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Figui^e  L-  Near  side  of  the  Moon  showing  textured  basin  ejecta  as  identified  by  Wilhelms  and  McCauley  (l971)of 

the  three  freshest  basins.  Lambert  equal-area  projection. 
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events  of  hnbrian  and  Nectarian  age  (Nectarian  is  a new  formal  stratigraphic  term  that  encompasses  the  upper  part  of  the  pre-Imbrianj.  The 
province  designated  cratered  includes  numerous  older  basins.  The  heavily  cratered  province  consists  of  overlapping  craters  and  basins  and  is  the 
most  primitive  lunar  terrain;  it  occurs  mainly  on  the  far  side  distant  from  the  rejuvenating  influence  of  the  Nectarian  and  especially  Imbrian 
basins.  From  Howard  et  al,  (1974), 


Opposite: 

Flgu,  J.-  The  first  of  a series  of  four  views  of  the  northern  hemisphere  (turn 
iUustration  so  that  the  limb  is  at  the  top)  of  the  Moon.  This  and  the  following 
sketches  by  Don  Davis  under  the  direction  of  Don  Wlhelms  (U.S.G.S.,  Menlo 
Park,  Calif)  are  based  on  geologic  maps  made  at  the  U.  S.  Geological  Survey. 
The  lunar  surface  is  shown  as  it  appeared  approximately  4 billion  years  ago. 
The  most  prominent  feature  is  the  Serenitatis  Basin  (upper  ri^t)  and  a 
subtly  larger  and  older  multi^ringed  basin  near  the  center.  Courtesy  of  Don 
Whelms. 
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Opposite 

4.  - The  nonhem  hemisphere  (mm  lilusrration  so  thus  the  limb  is  at  the 
lop)  approximately  billion  ago.  The  imbftum  Basin  iiop) 

formed  by  a gjipmpc  impact  appmxmi^tely  ^.^bUUofi  yean  ago.  Through 
analog}^  with  the  panty  rruae'fiUed  Ofientaie  Basin,  marc  units  were  mitialiy 
emplaced  within  the  rentrai  basin  and  along  the  base  of  the  mexmmmmis 
rings.  These  mare  umis  are  b^ieved  to  reflect  a period  of  internal  heating, 
probatdy  related  to  the  decay  of  radiogenic  nuckL  Nate  the  bright-rayed 
crater,.  Archimedes,  on  the  second  outer  imbrium  ring  and  the  Iridum  crater 
on  the  same  ring  near  the  limb.  Also  note  the  two  small  multi-ringed  basins 
(center  right,  see  fig.  31  that  hm-e  been  inundated  Imbrium  ejecta;  these 
eventually  will  correspond  to  Sinus  Aesntum  and  Mta^e  Vapon^m.  lUustrarion 
courtesy  of  Don  l^lheints. 
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Opposite: 

f^tm  S.  - The  lat  eruptions  ofmmeumts,  appffMomMt^  2.5  bSiottyem  e^ 
itumWmoatkmtothatdteUmbhatthetop).  firtween  J.Sfcy.  «rf  JOfcy, 
molt  of  the  lunar  maia  were  emplaced.  Note  the  imaidation  of  die  craters 
Archimedes  and  bidum.  The  last  mifor  flows  occurred  wiAin  Mart  Imbrium 
northwest  of  the  enter  Tobin  Mayer,  mtd  these  are  the  flows  recopiized  in 
Earth-based  tdtsct^ne  photogrvhs  md  vMtBy  tSspbyed  in  Lunar  (Miter  V 
lAmVoprsphsisae  Kotconton,^,  bit))mdApcXio  15  {roe  V<flaadan,flg.  J2f. 
Serend  bri^t-nytd  enters,  for  exanqde,  £>»tosrt«Rei;  Eukr,  and  narrated, 
hare  been  superimpostd  by  the  lara  flows-  Bbtstraticm  courtesy  of  Don 
hAIheims. 
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figure  The  present^day  (urm  surface  (turn  dlusmtiort  sa  that  ike  limb  hat 
the  topl  The  rays  associated  with  Bmtosthenes^  Euler,  and  ftamsteed  hare 
lost  their  high  reflectivity  and  the  dark  mare  flows  have  listened.  Mote 
recent  cmtm,  sch  m Cbpemkus  {center},  Aristarchus  (upper  left},  ami 
Kefder  (left)  exhitit  ray  systmts  extendhtg  over  dte  maria.  Mustration  c<mr- 
te^  of  Don  WUhelms 
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Opposite: 

Figure  7.-  Orientate  Basin:  The  last  multf-rta^  basin  to  fimn  on  the 
Moon.  As  many  as  five  riiys  can  be  rwofftsied,  she  most  prominoit  rings 
correspond  to  rt*  Ornmera  Mbunfam*  {930  ton  Ui  diameter)  and  the  next 
interior  ring,  the  Rook  Mountams  (620  km  in  diameter).  The  OrUnuU  Bern 
exhibits  minor  mtptkms  of  mme  basalts  rfiatire  to  die  inundate  bnbthan 
Basin.  ThU  is  evidence  dtat  the  mse  unitt  were  not  direetfy  the  rendt  of 
impact-generated  mtit.  As  a result  of  the  min<w  mae  fhodit^,  the  locations 
of  the  major  vents  are  atposed:  trirWi  the  inner  basin  and  along  the  base  of 
the  concentric  mauntms.  The  distribution  of  vokank  features  across  Mw 
Ittdaium  mggests  antdogous  concenmdons  of  vents.  This  ovmtew  reveals  the 
complcdy  striata  ejec^  fades  that  resemble  those  around  smaBer  craters. 
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Opposite. 

R-  C^pafison  of  the  iiregidar  imd  cirm^  rruf^  along  the  eiatem  limb 
oi  the  Mo%ffL  Mart  Oimm  (top)  is  a tircuktr  basin  with  a moantahUMis 

ring  450  km  in  diameter,  In  contrast,  Ahttt  Snyrttf  {iawer  kft  center^  is 
contained  within  one  of  the  cidest  basins  {450  km  m diameter f which  lacks  a 
weH-defin^  mountainaus  ring  /ASI4‘7S*J0304f 
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pw  9.-  Genentlized  jfcerfogK  of  the  Orientole  Basn  adapted  fwm  a map  of  the  west  side  of  the  Moon  in 
preparation  by  D.  H.  Scott,  M.  Wm,  and  /.  F.  McCsadey.  The  basin  is  900  km  across  and  ifJ  efecta  blatket 
{Hevdtus  Formation)  coven  a tenth  of  the  Moon.  Meritor  pro)ecHon;  lower  edge  of  rruxp  is  50®  5. 
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KOCKt  HEVCLIU*  ROOK  CftACKLCO  HARC 

I MlfMf  RrMAltM  FORUATtOH  MATCRIAL  FLOOR  yAURIAL  tARALT 


TtMrA  ImIb  lElKta)  {liifKt  WtltF) 

CMI«r  ) 

Figure  10(a).~  Sckemaiie  cross  section  of  the  Orienmle  Bcsm  to  iBustrate  stmiigraphy  and  generalized  topogriddty. 
Mountain  rings  are  numbereit.  Ring  3 is  Rook  MmnWins,  ring  4 is  CordSien  Mountains.  A possible  fifth  ring  is 
questionaMe.  Massifs  of  inner  rings  may  expose  ejecUi  orfMiback.  WA  vertical  exaggeration.  An  interpretive  cross 
section  at  true  sade  showing  substructure  is  shown  bdow. 


figure  10(b).~  Suggested  cross  section  of  die  Orientale  Basin  with  no  vertical  exaggeration.  Gravity  profile  is 
diagrammed  above.  Exposure  of  the  mande  at  the  surface  inqrUes  that  some  mantle  material  was  excavated,  A 
duHow  moat  in  the  mande  cm  account  vdbmetHcalty  for  a hi^  uplift.  Crust,  assumed  73  hn  thick,  is  shown 
with  arbitrary  layering. 
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Opposite: 

F^ure  Il.~  The  muiti-finged  c*aters  (basinsi  Schfodinger  mtd  Antottiaii,  (aj, 
and  a large  crater,  Humbold’  (b).  Srhrodtnger  is  approximately  320  hn  In 
i&imeter  and  conmins  art  inner  mountainoas  ring  155  km  in  diameter. 
Antoniadi  (upper  right  in  fa))  k only  140  km  in  dimeter  and  exhibits  a 
65  km  diameter  inner  ring  within  udtich  is  a small  central  peak.  Althou^ 
Ifumboldt  (b)  is  170  km  in  diatneter,  it  does  not  display  a comparable  inner 
ring.  Thus,  the  formation  of  ting  structures  may  reflect  loetdprop^^ 


in 
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Figurr  i2.~  Schematic  cross  sectim  of  Mm  Sereniiatis  sfunurngprogressire  sagging  of  three  successire  01s  of  mm 
basait  (ggeoify  exaggerated  veriicai  scale;  from  Honmd,  Oar.  and  Jthiehtbetger,  1973 f Arcuate  graben  friSesf  m 
in  the  older.  iSted  basalts  exposed  at  dte  basin  nuagm.  By  die  tone  dteyoangesi  basalt  m«x  emplaced,  the  tumo 
tidioiphere  had  stiffened  enough  to  support  the  mascon  as  a superisostatic  load 


TABLE  1.  HIGHLAND  STRATIGRAPHIC  UNITS  AT  LANDiNO  SITES.  GIVINC  SOME  POSSIBLE  BASIN- 
RELATED  CHUGINS  (HOWARD  ETAL.,  1974).  MC  GETCHIN  ET  AL.  (1973)  GIVE  THEORETICAL 
ESTIMATES  OF  THE  AMOUNT  BASIN  EJECTA  EXPECTED  AT  EACH  SITE- 


S«i«tittati$  ^cu  (?)  laulted  by  Smni' 
tatis,  Cmiuin,  or  Imbtium  events 


Sculptured  tdUs 
tnatertal 


Site 

Distance  fiom  bads  mar- 
gins (basiss  listed  >otmgest 
to  oldest  for  each  die) 

Geologic  unit 

Possible  basif^related  ofigios 

Apotto  14 

550  km  from  Imbiium 

Fra  Nfauro  Formation 

Irnbrium  ejecta 

ApoUolS 

iinbiiuin  ftiargin 

:00  km  from  Seienitatis 

Massif  matena! 

Imbrium  ejecta  over  Serertitatis  ejecta 

ApoQo  16 

3000  km  frmn  Qrientalt; 
1 100  km  from  Imbfium 
] 50  km  from  Ncctaris 

Cayley  Formation 

Roidized  ejecta  froni  fmbiium  and/or 
Oricntale,  or  mainly  bcaJ  materia] 
redistn1)uted  by  badn  secondaries 

DescMtfs  material 

Nectaiis  or  Imbfium  ejecta^  perhaps 
fmlptured  by  imbriuni  wnt 

Luna  20 

400  km  from  Nectaiis 
200  km  from  Ciinuin 

fiOty  and  furrowed 
material 

Crisiiim  oi  Nectiris  ejecta 

ApoQo  17 

800  km  from  bobriurti 
600  km  from  Cndum 
Tieteiitl^tis  margin 

kftcif  material 

Sereniutis  ejeett  and/or  overlyL;^ 
Imbrium  ^cti 
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With  permission,  reprinted  from  ICARUS,  vol.  12, 
1970,  pp.  440-456. 
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Lunar  Maria  and  Circular  Basins — A Review 

DESIREE  E.  STUART-ALEXAXDER  and  KEITH  A.  HOWARD 
/ Siiririf,  Menlo  l''trk.  Culifot  nia  U4025 


Kivfivcd  Dt-ct-mlxT  !»,  19C!>;  n*\  imxl  Jamu.ry  20,  1970 


Lunar  Orbiter  data  make  it  po-^^sible  to  examine  thodi-  tribution  and  rt'lat  ion.s  of 
inana  and  larjiO  circular  Ixusins  over  the  entin'  Moon.  The  n'strictoil  distribiuion 
and  a^c  of  the  maria  an'  in  niarkeii  contnk^t  to  the  apparently  random  distribution 
in  time  and  place  of  the  circular  Ixisiius.  some  of  which  contain  mare  tillin}^;.  The 
circular  btisins  are  ladievinl  to  Ix'  imj)act  scars,  anti  the  maria  to  V>c  volcanic  till.'* 
which  in  each  case  art'  younger  than  the  .structures  they  till. 

Twenty-nine  circular  basins  300  km  witle  or  wider  are  rtH^ognizetl.  They  art' 
plactnl  in  an  age  .st'tpicnct*  Ix'cau.st'  succe.ssi'‘e  .stages  of  tlegratlation  can  be  recog- 
nized fn>m  the  fresh  Orientale  ba.sin  to  the  almost  oblitcratt'ti  basin  containing 
Mart'  .Au.strule. 

The  maria  wen'  emplatssl  during  a short  s|)an  of  lunar  history,  although  some 
light  plains  of  the  highlands  may  Ik'  older  maria  lighteiu'tl  thnnigh  agt'.  The  pn'st'iit 
maria  are  topographically  lt>w.  tend  to  Ix'  a.ssociatetl  with  large  circular  basins, 
anti  lie  in  a , rvide  globtd  Ix'lt  of  regional  ctmeentratituts;  94”„  are  t>,\  the  hemi- 
sphere facing  the  Earth.  Potssible  explanations  offt'rtnl  for  these  patterns  of  *nare 
distribution  incluile  impact -inducetl  volcanism.  vtdcanic extrusion  to  ahydrostat  ic 
level,  ististatic  compensation,  lateral  heterogeiK'ity  in  the  lunar  interior,  siiljorustal 
1 onvect'on.  anti  volcanism  due  to  tlisruption  by  Earth's  gravity. 


iNTrtODrCTlOX 

Moon-wide  di.stribution  of  maria  atid 
majoi  structural  features  can  now  be 
studied  in  detail  with  the  photography  of 
the  Lunar  Orbiters.  Maria,  the  dark  j>lains 
of  the  Moon,  commonly  occur  in  circular 
multiringcd  basins,  and  whether  the.se 
basins  and  the  mare  material  are  ^ encti- 
cally  related  and  how  they  are  distributed 
are  of  fundamental  imjiortance  to  idter- 
prttations  of  lunar  hi.story  and  processes. 
This  pajter  compares  the  morpiiology  and 
relative  ages  of  circular  basins  300  km  wide 
or  wider  and  examines  the  relations 
between  these  basins  and  mare  material  on 
both  the  near  and  far  sides  of  the  Moon. 

An  exee'lent  description  of  the  basins  on 
the  near  side  of  the  Moon  is  that  of  Hart- 
mann and  Kuiper  (1962).  The  di.stribution 
and  origin  of  maria  hi  ’c  been  diseus.sed 
often  in  the  literature.  New  stimulus  to  the 
discussion  was  added  by  the  Russian  jiie- 
t’lrcs  returned  from  Luna  3 and  Zond  3 
that  .showed  a scarcity  of  maria  on  the  far 

275 


side,  and  later  by  gravimetric  data  from 
Lunar  Orbiters  (Muller  and  Sjogren,  1968) 
that  indicated  large  mass  concentrations 
under  .some  of  the  circular  maria  on  the 
near  sid*'.  Pre-Orbiter  summaries  of  the 
distribution  of  basins  and  maria  have  been 
made  by  Hartmann  (1966a)  and  Lipskiy 
ft  al.  (1966).  I.,arge  basins  devoid  of  maria 
have  been  called  thalas-soids  by  Lipskiy 
(1965). 

Our  observations  support  the  view  that 
the  maria  are  volcanic  fields,  and  the  cir- 
cular basins  impact  sears  that  in  all  eases 
|)redate  the  maria  that  occupy  them. 
Although  the  great  ages  of  the  rocks  re- 
turned by  Apollo  11  (Lunar  Sample  Pre- 
liminary E.xamination  Team.  1969)  sug- 
gests that  the  differences  in  absolute  age  of 
events  and  rocks  may  be  small,  the 
sequence  of  events  is  clear  and  remains  an 
important  key  to  understanding  how  the 
basins  and  maria  developed.  Too  much 
confusion  has  developed  in  the  literature 
from  the  failure  of  .some  .luthors  to  distin- 
guish between  circular  basins  and  the  mare 


rooks  that  till  them.  Because'  cf  the  age  the  NASA  Lunar  Orbiters  are  available 
differences  betwtH'ii  maria  and  basins,  and  from  the  National  Space  Seiene^e  Data 
also  l)ecauset  he  degnv  of  mare  tilling  Vciries  Center,  Code  601,  U.S.  Goddard  Spac^e 
wnsiderably  from  basin  to  basin,  it  is  Flight  Center,  Greenbelt,  Maryland  20771. 
ust'ful  to  consider  the  basins  inde|)endently 
tirst . and  then  to e.xannne  their  relat  iouship 

to  mare  rocks.  Circcl.\r  Basins 

The  photographs  accompanying  this 

re|)ort  empluisize  far-side  features  because  Large  circular  basins  are  fundamental 
the  near-side  basins  have  bt'en  well  illus-  elements  of  the  lunar  tectonic  framework, 
trated  by  Hartmann  and  Kui|>er  (1062)  and  the  major  lunar  mountain  ranges  are 
and  Hartmann  (1064).  Photographs  from  circumferential  to  these  basins.  The  basins 

Tablk  I 

t*iRci*LAR  Basins® 


Name 

Latitude 

Kei>res«M>tative 
Lunar  Ortuter  i>hot«>s 

Diameter 

(km) 

Ace 

(>roup 

1.  Orientale 

9.5 

20 

IV  M 187 

900 

2_  

130 

70 

IV  M-4 

300 

. IV 

3.  Imhrium 

19 

37 

IV  M-115.  M134 

1250 

4.  Crisium 

5!1 

17 

IV  M-00 

450 

;>.  — 

129 

3 

V M 24,  AL20 

490 

6.  - - 

-158 

-3 

I M 30,  M 38 

450 

L ITI 

7.  Mt>scoviense 

145 

25 

VM-103.  M-124 

460 

r 

S.  Riiliy 

-09 

- 07 

IV  M-179 

310 

9.  — 

141 

5 

1 M-110,  M-117 

330 

lO.  Humonim 

-39 

24 

IV  M 137 

430 

11.  Nectaris 

34 

-10 

IVM  71.M  84 

840 

12.  — 

100 

53 

V M 05 

300 

13.  — 

105 

35 

II  M 75 

370 

14.  near  Sch lilt *r 

45 

-34 

IV  M 142 

350 

i 

15.  — 

148 

58 

V M-29 

300 

1 

L TT 

IH.  ttrimailtii 

08 

—5 

IV  M 101 

43<t 

1 

17.  St'renitatis 

19 

20 

IV  M 91,  M 97 

680 

1 

i 

IS.  — 

L53 

35 

V M-20.  M-30 

480 

f 

19. 

- 98 

35 

IV  M-189 

320 

i 

20.  Hiimhtiltaniiim 

81 

58 

IV  M-23 

640 

j 

21.  Pingre 

-79 

—50 

IV  M-180 

300  J 

i 

[ 

22,  Smythii 

84 

-3 

IV  M-12.  M-17 

370  1 

1 

23.  Fecuiuhtatis 

51 

-3 

IV  M-52 

480 

24.  - 

130 

-78 

IV  M 94 

370 

25.  \V.  Tranf|uillitatis 

27 

9 

IV  M 72,  M 84 

550 

1 I 

26.  K.  Trantpiiliitatis 

38 

IV  M-72.  M-84 

500  1 

27.  Nuhium 

!7 

-19 

IV  M 120 

750 

28.  -- 

102 

11 

II  M 75 

480 

29,  Australe 

90 

- 45 

IV  M-9,  M l 00 

900  J 

i 

1 

® Listcil  in  approximat*'  onler  of  increasing  age.  based  on  degree  of  modi  Heat  ion.  Diameters  and 
loeation.s  are  subject  to  n'vision.  Identification  of  some  basins  included  in  agc'  group  1 is  (piestionable. 
Photographs  r 'fcrml  to  an*  of  the  Lunar  Orbiter  project  of  the  National  Aeronautics  «.nd  Spivee 
Adminstration.  The  roman  numerals  refer  t<)  the  numtier  of  the  Lunar  Orbiter  Flight,  the  M refers 
to  moflcrate  n^solutioii  photograph,  anti  the  arahic  numbers  to  the  frame  number. 
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Fifi.  2.  h**H  ron<H'ntnr  mmmt>uji  ?^ysU'!iif^,  gmu|>  IV  (lui,  1 lu  Fij;.  1) 

rmntjun  rin^  ’ (mU'n  ( 'ciniilF^nU  is  mi)  k*n  Miin*  nivkn  mn\w  up  thn  smooth  tkirk  ftfra 

Jhin  thr  U\nvT  iisitj  nut]  srHit^^rf^cI  small  imtfhes  at  ihc'  foiH  nf  tht'  nunmtains.  Rjulial  t^'xturc  of 


rim  dc’|w>sits  is  \vf 


of  appan^ntly  simitar  featu^^'i  Irmls  us  tu 
brlic'Vt^  tliat  |>n»j£n*ssi\a*  nuKlilir  aiion  tuis 
takiu)  plat*t*  luui  tliat  tlu^  initial  farms  af 


axr  sin 

ut-ll  shu\ui 
i"  OrM’Ut,*l<^ 


1*10.  A .'Sftmll  frina-km  fn*sh'Ji|Jp»*uriuy:  Un>ii 

I\  (rjf).  2 in  Tnt*lf  I utiiI  Fijj,  1),  TIm^  urTrrr  rm^  is  U 
Jargrr  ririt^mnlo  iwisin.  Hadud  valh-ys  trn^  <^li'aHy  . 

]A\xhi  plniiiH  inahTiul  tills  Wn-  mniT  liasjn.  r 
nianMinmfiij  an  mMxa‘  t \A  i 


L 'lE*7dl 

Kff^ 

^ 3p 

across  (Fig.  2),  and  a basin  300  km 
across  on  the  far  side  near  the  south  pole 
(Fig.  3). 

Form 

A high  mountain  ring  forms  the  outer- 
most boundary  of  most  basins  and  one  or 
more  lower  mountain  rings  occupy  con- 
centric positions  within  the  basin.  A scarp 
generally  makes  the  outer  mountains 
asymmetric,  with  the  steep  side  facing 
inward  toward  the  main  basin.  Lowlands 
within  the  basin  typically  consist  of  an 
inner  basin  flooded  by  plains-forming 
material  and  hummocky  benches  between 
the  concentric  mountain  rings.  Some  of 
these  benches  arc  flat ; others  slope  gently 
outward.  Outside  the  rim  crest  of  the 
freshest  basins  are  rim  deposits  (McCauley, 
1968;  Saunders,  1968;  Wilhelms,  1970; 
Shoemaker  and  Hackman,  1962),  satellitic 
craters,  and  radial  valleys  (Baldwin,  1949; 
Hartmann,  1963,  1964). 

The  number  of  inner  mountain  rings  is  a 
function  of  basin  size : large  basins,  such  as 
Orientale,  have  two  or  more  (Hartmann 
and  Kuiper,  1 962),  nearly  a;l  basins  below 
600  km  in  diameter  have  only  one  inner 
ring,  and  fresh  examples  below  150  km 
have  no  inner  mountain  ring  but  instead 
a central  peak  or  peaks.  Basins  or  craters  in 
the  diameter  range  300  to  1 50  km  are  transi- 
tional ; some  have  multiple  mountain  rings 
and  some  have  central  peaks.  To  ensure 
that  only  one  major  structui’al  type  is 
considered,  we  will  discuss  only  basins 
300  km  wide  or  wider. 

Gentle  exterior  rises  and  depressions 
encircle  the  large  Imbrium  and  Orientale 
basins  and  also  the  smaller  Crisium  and 
Humorum  bas’ns  (Baldwin,  1949,  Chap.  2; 
Hartmann  and  Kuiper,  1962;  Wilhelms, 
1964,  1968);  the  rises  may  be  incipient 
scarp-boundod  mountain  rings.  Crisium  is 
atypical  by  being  less  circular  than  most 
basins  of  comparable  freshness  and  by 
having  an  unusually  small  spacing  be- 
tween concentric  scarps.  Thus  while  most 
basiiis  were  formed  similar  to  those  shown 
in  k igs.  2 and  3,  some  deviations  occurred. 
Conceivably,  Crisium  may  have  a different 
origin  from  the  rest. 
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Origin 

An  impact  origin  was  suggeted  for  the 
Imbrium  basin  by  Gilbert  in  1892  and  is 
generally  favored  for  the  basins  todaj% 
although  some  workers  still  take  exception 
(Lipskiy  et  al.,  1966;  Khabakov,  1962; 
Green,  1967).  Compelling  arguments  for  an 
impact  origin  of  the  90-km  crater  Coper- 
nicus were  presented  by  Shoemaker  (1962), 
and  it  is  now  apparent  that  there  is  a grada- 
tion in  form  from  cratem  like  Clopernicus 
to  larger  basins  such  as  shown  in  Fig.  3 
and  to  very  large  basins  like  Orientale 
(Fig.  2).  The  salient  features  favoring  an 
impact  origin  can  be  summarized  as 
follows:  The  extensive  blanket  of  coarsely 
braided  rim  deposits  around  the  Orientale 
basin  suggests  rapidly  deposited  ejecta 
(McCauley,  1968;  Saunders,  1968).  Beyond 
the  rim  deposits  are  numerous  smaller 
craters,  many  arranged  in  radial  rows,  that 
have  the  character  expected  of  secondary 
craters  produced  by  ejecta  flung  from  the 
basin.  The  radial  sculpture  or  lineaments 
around  many  of  the  basins,  whether  they 
are  fractures  (Hartmann,  1963,  1964)  or 
gouges  made  by  projectiles  (Gilbert,  1893), 
suggest  a very  violent  event  in  the  center 
of  each  basin.  Other  factors  favoring  an 
impact  origin  are  the  vast  size  and  sym- 
metry of  the  basins  compared  with  know 
volcanic  structures,  and  the  gener'*!  simi- 
larit}’^  in  form  between  so  many  of  the  lunar 
basins. 

The  sequence  of  events  upon  the  collision 
of  a large  comet  or  asteroid  with  the  Moon 
is  thought  to  be  as  follows  (McCauley, 
1968) ; excavation  of  a deep  crater,  forma- 
tion of  small  secondary  craters  by  material 
ejected  at  fairly  low  angles,  deposition  of  a 
thick  ejecta  blanket  by  material  ejected  at 
very  low  angles  or  transported  in  a base 
surge,  and  gravitational  collapse  of  the 
crater  along  normal  faults  to  produce  a 
wide  basin  with  concentric  fault  scarps. 

Aging 

Continuous  modification  of  basins 
through  time  is  indicated  by  a range  in  the 
extent  to  which  similar  structure^  '.**? 
degraded  in  various  basins,  by  differences 
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in  frequency  of  superposed  craters,*  and  by 
the  stratigraphic  evidence  of  the  ejecta 
from  the  three  youngest  basins  superposed 
on  older  basins.  Figures  2 through  6 
illustrate  successive  stages  in  modification 
of  large  circular  basins.  The  Mare  Australe 
area  (Fig.  6)  is  included  here  because  we 
believe  that  it  represents  the  .»ldest 
discernible  impact  basin.  We  concluded 
that  Australe  was  initially  like  the  other 
basins  because  ( 1)  its  mare  patches  occupy 
a circular  area  that  appears  to  be  depressed 
(Mills  and  Sudbury,  1968),  and  (2)  high 
mountains  rim  a short  section  of  the 
southeast  perimeter. 

The  processes  thatsubdue  and  eventually 
obliterate  old  basins  and  their  encircling 
mountain  rings  are  varied  and  the  rates  are 
unknowrn.  The  most  significant  processes 
appear  to  be  superposed  impact  cratering* 
and,  for  some  basins,  flooding  by  plains- 
forming  materials,  especially  mare.  Other 
processes  that  probably  are  important  are 
deposition  of  ejecta  flung  from  other 
impacts,  mass  wasting  (McCauley,  1968; 
Gold,  1955;  Rowan,  1968),  building  of 
volcanic  landforms  (Wilhelms  and  Mc- 
Cauley, 1969),  isostatic  rebound  (Masursky, 
1964),  and  perhaps  tectonic  deformation. 
The  absolute  rate  of  the  aging  is  uncertain ; 
even  interpretations  of  the  rate  of  impact 
events  differ  widely.  If  most  of  the  Moon’s 
features  formed  early  in  its  history,  as 
suggested  by  the  3 ± 0.7  b.y.  ages  reported 
for  rocks  from  Tranquility  Base  (Lunar 
Sample  Preliminary  Examination  Team, 
1969),  then  the  flux  of  colliding  objects  was 
highest  early  in  the  history,  as  suggested  by 
Urey  (1956)  and  Hartmann  (1965a,  b, 
196^),  and  the  difference  in  absolute  age 
between  the  oldest  and  youngest  basins  is 
small. 

The  basins  can  be  arranged  in  an  approxi- 
mate relative  age  sequence  (Table  I)  based 
on  the  degree  of  modification  from  those 

> We  share  the  common  belief  (e.g..  Shoemaker, 
1962;  Baldwin.  1963;  Hartmann,  19666).  sug- 
gested by  crater  distributions  and  morphologies 
that  most  lunar  craters  are  of  impact  origin,  and 
thus  frequency  counts  can  be  used  as  age  indi- 
•ators.  Chain  craters  and  other  craters  of  pro- 
bable volcanic  origin  appear  to  be  considerably 
less  numerous. 


basins  of  Figs.  2 and  3,  a.ssuming  similar 
initial  forms.  We  have  ranked  them  by 
evaluating  several  factors  that  suggest  age : 
completeness  of  the  outer  mountain  ring; 
circularity ; rect^nition  of  rim  deposits,  of 
inner  mountain  ring  or  rings,  and  of  a 
scarp  on  the  outer  mountain  ring;  size  of 
the  largest  superposed  craters-;  and  a 
subjective  estimate  of  the  overall  degree  of 
destruction.  Each  factor  was  assigned  a 
numerical  rating  from  10  (fresh)  to  0 
(obliterated);  the  total  of  these  num- 
bers indicates  approximately  the  rela- 
tive youth  of  each  basin.  Although  this 
technique  yields  a range  of  numbers,  the 
basins  are  here  grouped  into  four  broad 
age  categories  (Table  I)  to  avoid  a mis- 
leading impression  of  precision.  In  any  case, 
revisions  can  be  expected  with  the  appli- 
cation of  more  refined  techniques  such  as 
morphologj’  of  superposed  craters  (Offield 
and  Pohn,  1968)  or  detailed  crater  counts. 

The  sequence  of  morphologic  changes 
follows  a general  pattern,  although  indivi- 
dual basins  do  not  fit  perfectly  all  aspects 
of  the  pattern.  Among  the  first  features  to 
become  obscure  are  rim  deposits.  They  are 
prominent  around  the  basins  in  Figs.  2 and 
3,  but  have  not  been  recognized  around 
basins  regarded  as  older  (age  groups  I-III). 
Secondary'  craters  also  are  obliterated 
quickly;  clear  examples  are  present  only 
around  Orientale.  Radial  valleys  are  asso- 
ciated with  the  youngest  (group  IV)  basins 
and  have  been  recognized  only  around  a 
few  older  basins. 

Mountain  rings  are  persistent  features. 
The  prominent  outer  mountain  ring  lasts 
longest;  it  generally  remains  intact  until 
broken  bv  craters  more  than  50  km  wide, 
and  only  in  the  oldest  basins  is  it  nearly 
obliterated.  The  steep  inw'ard-facing  es- 
carpment of  the  outer  mountain  ring 
degenerates  more  rapidly  than  the  moun- 
tains themselves;  it  is  vague  in  group  II 
basins  and  unrecognizable  in  group  I.  The 
scarp  appears  to  degrade  rather  steadily, 
and  its  state  of  preservation  is  probably  a 

2 We  arbitrarily  measured  the  nine  largest 
craters  superposed  on  each  basin  not  flooded  by 
mare,  discarded  the  largest  as  accidental, 
averaged  the  diameters  of  the  remaining  eight, 
and  compared  this  average  to  the  basin  diameter. 
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Distribution 

Twenty -nine  basins  wider  than  300  km 
have  been  recognized  by  us  (Table  I).  Most 
are  clearly  circular  basins,  but  a few  are  so 
extensively  modified  that  their  identity  as 
such  is  questionable,  particularly  Fecundi- 
tatis.  East  and  West  Tranquillitatis,  and 
Nubium.  The  existence  of  several  other 
questionable  basins  has  been  proposed  by 
Baldwin  (1949,  p.  38;  1963,  p.  194), 
Hartmann  and  Kuiper  (1962),  and  Camp- 
bell et  al.  (1969).  The  distribution  (Fig.l) 
appears  random  to  us,  contrary  to  pre- 
Orbiter  suggestions  (Lipskiy  et  al.,  1966; 
Khabakov,  1962;  Alter,  1956)  that  rhe 
basins  are  distributed  mainly  in  a broad 
girdle. 

A histogram  of  relative  age  as  a function 
of  basin  size  (Fig.  7)  summarizes  the  basin 
distribution  and  shows  that  there  is  no 
marked  concentration  on  the  near  or  far 
side  with  regard  to  age  or  total  number. 
The  number  of  basins  is  too  small  for 
statistical  analysis,  and  the  apparent  size 
discrepancy  between  the  near  and  far 
sides  would  be  reduced  if  the  questionably 
identified  basins  were  excluded.  The  dis- 
tribution on  near  and  far  sides  has  no 
definite  pattern,  and  seems  most  easily 
explained  by  random  impact  events. 


Fii..  7.  Histogram  of  the  size  frequency  of 
circular  basins  on  the  near  side,  left  and  far  side, 
right.  Ago  of  basins  indicated  by  patterns. 
Dashed  lines  indicate  questionable  basins. 


Maria 

The  dark  or  low-albedo  plains  known  as 
maria  form  one-sixth  of  the  Moon’s  surface, 
mostly  in  the  prominent  patchy  dark  band 
across  the  near  side  (Fig.  1).  Mare  rock 
occupies  depressions  and  has  obviously 
embayed  and  flooded  older  structures 
through  some  kind  of  surface  emplacement. 
Most  authors  agree  that  the  maria  represent 
volcanic  rocks,  though  a sedimentary  origin 
has  also  been  suggested.  Dark  domes  and 
plateaus  closely  associated  with  the  maria 
are  commonly  interpreted  as  shield  vol- 
canoes (Pickering,  1908;  Baldwin,  1963; 
McCauley,  1967).  Lobate  scarps  in  Mare 
Imbrium  are  interpreted  as  flow  fronts 
(Strom,  1965;  Kuiper,  1965;  Whitaker, 
1966;  Fielder  and  Fielder,  1968).  The 
crystalline  rocks  returned  from  Mare 
Tranquillitatis  by  Apollo  1 1 have  igneous 
textures,  and  compositions  similar  to 
terrestrial  basalt  but  enriched  in  some 
refractory  elements,  particularly  Ti  and 
Zr,  and  depleted  in  alkalies  and  some 
volatile  constituents  (Lunar  Sample  Pre- 
liminary Examination  Team,  1969).  An 
approximately  basaltic  composition  is  also 
indicated  for  mare  rocks  at  the  Surveyor  V 
site  in  Mare  Tranquillitatis  and  the  Sur- 
veyor VI  site  in  Sinus  Medii  (Turkevich  et 
al.,  1968,  1969;  de  Wys,  1967,  1968).  The 
nearly  uniform  appearance  of  the  various 
maria  suggest  they  are  all  similar  in  origin 
and  composition,  and  an  approximately 
basaltic  composition  for  ail  mare  rocks  is 
supported  by  remote  sensing  (Hapke,  1 968 ; 
Vinogradov  et  al.,  1968;  Adams,  1968). 
Thus  the  accumulated  evidence  indicates 
that  maria  arc  volcanic  fills  of  basaltlike 
composition. 

A map  of  the  mare  areas  on  an  equal-area 
projection  (Fig.  1)  shows  that  they  are 
distributed  unevenly.  Thirty  percent  of  the 
nea  side  is  mare  in  contrast  to  only  2%  of 
the  lar  side.  In  1903  Shaler  had  predicted  a 
significantly  lower  quality  of  mare  on  the 
far  side  than  on  the  near  side  based  on  his 
observations  that  the  quantity  of  mare 
decreases  on  the  near  side  as  the  limbs  are 
approached.  The  great  maria  concentra- 
tion on  the  near  side  lies  mostly  north  of  the 
equator,  whereas  the  small  mare  areas  of 
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the  far  siue  lie  mostly  south  of  the  equator. 
The  north  polar  area  and  the  adjacent 
northeast  quadrant  of  the  far  side  lack 
mare  altogether,  and  a smaller  empty  area 
caps  the  south  pole  and  covers  the  southern 
highlands  of  the  near  side.  The  maria  tend 
to  be  concentrated  along  a crude  global 
belt  that  approximates  a great  circle 
(Lipskiy  c/ a/.,  1966). 

Maria  occupy  depressions,  and  their 
surface  elevations,  though  variable,  aver- 
age lower  than  the  terra  (Arthur,  1966; 
Mills  and  Subdury,  1968).  Some  deep 
depressions,  however,  contain  no  mare. 
Many  maria  occupy  large  circular  basins 
but  the  largest  mare  area  is  the  irregular 
Oceanus  Procellarum  which  is  not  circum- 
scribed by  ring  structures  (Fig.  1).  Smaller 
mare  patches  occur  in  smaller  craters  and 
irregular  depressions. 

Superposition  relations  indicate  that  all 
mare  surfaces  are  relatively  young  com- 
pared to  other  lunar  features  even  though 
their  absolute  ages  may  be  great.  These 
relations  include  the  filling  and  embayment 
of  relatively  fresh  features  by  mare  material 
and  the  youthfulness  of  all  craters  that  are 
superposed  on  maria.  Crater  counts,  star- 
ting with  Young’s  in  1933,  show  that  the 
maria  are  all  of  similar  age  and  are  younger 
then  most  highlands.  Subsequently  many 
mare  surfaces  have  been  separated  into 
relative  age  sequences  (Lyubarski,  1961; 
Doddefa/.,  1963;  Fielder,  1963;  Carr,  1966; 
Wilhelms,  1968).  By  extrapolation  from  the 
lunar  geologic  maps  published  by  the  U.S. 
Geological  Survey,  the  oldest  surfaces  that 
are  usually  classified  as  mare  are  probably 
younger  than  the  Orientale  basin.  The 
restricted  range  in  age  of  the  maria  suggests 
that  they  were  produced  during  a relatively 
short  period  of  extensive  mare  volcanism. 

Differences  in  reflectivity  in  mare  areas 
are  clearly  visible  at  full  Moon  (the  albedo 
ranges  from  0.07  to  0. 12 ; Pohn  and  Wildey, 
in  press).  In  many  local  areas  the  darker 
maria  are  concluded  to  be  the  youngest 
(Carr,  1966;  McCauley,  1967;  Morris  and 
Wilhelms,  1967),  suggesting  that  albedo 
can  increase  with  time.  Good  examples  of 
this  age  relation  are  seen  in  Mare  Australe 
(Fig.  6),  which  is  an  area  of  partly  coales- 
cing patches  mainly  of  relatively  light 


mare.  The  dark  mare  covering  the  floor  of 
the  well-formed  crater  with  a central  peak 
(arrow,  Fig.  6)  is  younger  than  the  crater 
it  Alls,  and  tha^’  crater  in  turn  is  clearly 
superposed  on  surrounding  lighter  mare. 
Also,  some  satellitic  craters  from  the  large 
crater  Humboldt  (top  center.  Fig.  6)  are 
superposed  on  light  mare  (S)  and  yet  others 
are  inundated  by  dark  mare.  Evidently 
there  was  a relatively  prolonged  sequence 
of  mare  formation  in  the  Australe  area. 
Although  accurate  albedo  values  are  not 
known  for  the  far  side,  most  mare  patches 
there  appear  to  be  comparatively  light,  like 
most  of  Mare  Australe,  suggesting  that 
they  are  among  the  older  maria;  a notable 
exception  is  the  floor  of  Tsiolkovsky. 

Older  equivalents  of  maria  may  be  some 
light  plains  that  are  similar  to  mare  except 
for  a higher  albedo  and  greater  crater  den- 
sity. Lighter  plains  such  as  the  floor  of 
Ptolemaeus  are  not  included  as  mare,  nor 
are  dark  uplands,  but  both  these  types  of 
terrain  may  be  closely  related  to  mare.  If 
some  of  the  light  plains  were  maria  that  have 
been  lightened  by  age,  then  the  distribution 
of  maria  has  varied  through  time  (Sukhan- 
ov et  al.,  1967 ; Wilhelms,  1970)  and  what 
we  call  maria  may  represent  only  the 
youngest  deposits  of  a more  complicated 
crustal  flooding  sequence. 

Relations  between  Maria  and 
Circular  Basins 

Most  major  maria  occupy  large  circular 
basins,  but  not  all  basins  contain  mare 
(Fig.  1).  The  histogram  shovn  in  Fig.  8 
reveals  that  all  basins  wider  than  500  km 
and  most  basins  wider  than  400  km  contain 
some  mare,  whereas  two-thirds  of  those 
between  300  and  400  km  contain  none. 
However,  the  quantity  of  mare  is  dispro- 
portionately distributed  among  like-sized 
basins;  nearly  all  near-side  basins  within 
the  mare  belt  are  flooded  whereas  similar 
basins  outside  the  belt  and  on  the  far  side 
are  only  partially  flooded  or  unflooded. 
Most  of  the  mare  areas  on  the  near  side  are 
in  circular  basins  or  near  them.  The  mare 
material  of  Oceanus  Procellarum  is  con- 
tinuous with  that  which  fills  the  Imbrium 
basin,  but  the  vast  area  of  Procellarum 
suggests  it  is  not  related  to  the  Imbrium 
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Fio.  8.  Histogram  of  the  size  frequency  of 
circuiar  basiiia  with  and  without  rr  re  ftlling. 
Patterns  indicate  basin  age  as  in  Fig.  V, 


basin.  Furthermore,  the  crude  east-wett 
band  of  mare  patches  across  the  south- 
central  far  side  (Fig.  1 ) also  shows  indepen- 
dence from  large  circular  basins  and  indi- 
cates some  other  control  on  the  generation 
of  mare. 

Among  the  circular  basins,  the  partly 
filled  basins  show  a preference  for  mare  to 
be  located  first  centrally  in  the  inner  basin 
and  second  in  concentric  valleys  between 
mountain  rings  (e.g.,  Figs.  2,  5),  suggesting 
this  was  the  order  of  filling  of  the  more 
completely  Hooded  basins  also.  The  initial 
stage  of  mare  fiooding  in  smaller  craters 
such  as  Humboldt  (at  the  top  center  of 
Fig.  6),  is  generally  along  the  outer  and 
apparently  lowest  part  of  the  crater  floor. 
Thus  mare  is  emplaced  preferentially  in 
certain  structural  positions  of  craters  and 
basins,  and  these  positions  coincide  with 
the  lowest  dept^ssions. 

Large  pc^itive  gravity  anomalies  indi- 
cate mass  >ncentrations,  “mascons,’*  in 
those  large  .nare -filled  basins  having  well- 
developed  ring  structures  on  the  near  side 
(Muller  and  Sjogren,  1968).  However,  no 
mascons  are  associated  with  the  maria 
Tranqjuhlitatis,  Nubium  and  Fecunditatis, 
which  we  suggest  may  occupy  nearly 
obliterated  circular  basins  (Table  1),  nor 
with  Oceanus  Procellarum.  These  areas 
must  differ  in  some  respect  from  the  mascon 
basins,  the  possibilities  varying  with  the 
interpretations  placed  upon  the  cause  of 
the  gravity  anomaly.  The  mascons  may  be 


dense  metallic  objects  (Mullc'  and  Sjogrei 
1968;  Urey.  1956),  laye»'..’  of  dense  mate 
rock  (Conel  and  Hotstrom,  1968),  dense 
subcrustal  rock  (ultra basic?)  at  a shallow 
level  beneath  the  basin  (Wise  and  Vates, 
1969),  or  some  combination.  The  circular 
mare  areas  that  lick  mascons  may  record 
impacts  of  low-density  bodies.  They  niay 
instead  merely  contain  a lesser  thickness  of 
mare  than  the  well -formed  circular  impact 
basins,  cither  because  they  are  old  impact 
scars  that  rebounded  before  the  mare 
flooding,  or,  alternatively,  because  they 
are  not  due  to  impact. 

The  wide  range  in  age  of  the  large  circular 
basins  contrasts  with  the  general  concor- 
dance in  age  of  their  mare  fillings.  It  is 
particularly  interesting  that  mare  rocks 
occur  unpreferentially  in  basii,s  of  any  age. 
and  conversely  that  there  are  both  old  and 
young  basins  that  contain  no  uare  (Fig.  8). 
However,  the  light  plains-forming  mater- 
ials that  occur  in  the  basins  devoid  of  mare 
(e.g.,  Fig.  4)  could  have  been  mare  material 
now  lightened  through  aging.  On  the  other 
hand,  basins  can  apparently  remain  as 
potential  loci  for  mare  flooding  long  after 
they  are  formed.  Mare  Australe,  for 
example,  occupies  a very  ancient  circular 
basin  (Fig.  6),  Although  the  mare  patches 
of  Australe  vary  in  age,  all  are  considerably 
younger  than  the  impt.  "t  scar,  whose  top' 
graphic  expression  has  been  nearly  obliter- 
ated. It  is  conceivable,  though  unlikely, 
that  even  Oceanus  Procellarum  is  anala- 
gous  to  Australe  and  occupies  an  even 
older  and  larger  impact  scar. 

PossiBLF  Explanations  of  Make 
Distribution 

The  following  distribution  patterns  of 
mare  rocks  have  become  appnient:  (1) 
Maria  are  associated  with  circular  basins 
of  all  ages.  (2)  Maria  are  topographically 
low.  (3)  Maria  tend  to  lie  in  a crude  global 
belt  that  contains  regional  concentrations 
such  as  that  in  the  south  central  part  of  tiie 
far  side.  (4)  Most  of  the  mare  aren,  is  on  the 
hemisphere  facing  Earth.  Several  explana- 
tions for  these  patterns  can  be  entertained 
as  working  hypotheses  th' t will  have  to  be 
tested  critically  as  more  data  become 
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available.  \ seems  likely  that  some  t*om- 
bination  of  |>roees.ses  funetioiu'd  tofrether. 
a.s  none  by  it.self  st‘em?  sulheient  to  exMlain 
all  t he  known  feat ure» « ***  mare  dist ribut * ^ :i . 

IVlayed  volcani;  in  indiiwHl  b_\  iinpaei 
was  suggested  by  (‘arr  (I9(i4)  and  i.s 
attnii-tive  beeau.se  it  can  aeeount  for  both 
the  eoneentration  of  mare  rooks  in  large 
basins  and  for  the  apfiarent  youth  of  the 
mare  conijiared  with  the  enclosing  bas;  .s. 
An  impact  produces  transient  heat  so  that 
local  melting  might  easily  occur  (Carr, 
Ronca,  1966).  Carr  concluded,  how- 
ever. that  long  after  the  'mimct  very  t xten- 
.'•'ive  melting  might  occur  as  a result  of  a 
slow  rise  in  geothermal  gradient  caused  by 
the  insukting  effects  of  breccia  and  of  high 
transient  temperatures  caused  by  the 
impact.  Thus  as  much  as  a billion  years 
might  have  elapsed  bet  veen  the  Imbrium 
event  and  the  formation  of  Mar  Imbri — a. 

The  low  elevations  and  apjiare-it  com- 
mon level  of  many  nearby  mare  'sees 
that  are  not  connected  have  .sug  ■ .o 
Shoemaker  (1964)  and  Sukhanov  (1968) 
that  mare  material  was  emplaced  as  a 
fluid  to  an  approximate  hydrostatic  level 
during  widespread  melting.  Exemplifying 
this  apparent  hydrostatic  cqi  ‘ brium  is  the 
crater  Archimedes,  who.se  interior  is  filled 
w'ith  mare  rocks  to  nearly  the  same  level  as 
adjacent  Mare  Imbrium  (Turner,  1961). 
Exceptions  are  the  reported  limb  height 
difference  of  3 km  between  Mare  Smythii 
and  nearby  Mare  Marginis  (Arthur,  1966), 
and  some  deep  untlooded  pre-mare  craters 
.such  as  Lansberg.  Whether  most  maria 
share  a common  low  hy|>.sometric  lev*^! 
remains  to  b * shown  by  better  .selenodetic 
data  than  are  now  available. 

Isostatic  com[)ensation  may  account  for 
the  low  elevation  of  the  maria  (Baldwin, 
1!>49,  1903.  196S;  O’Keefe  1968)  if  the 
maria  an*  thinner  or  den.ser  than  the  high- 
lands. Such  a density  difference  is  suggested 
by  the  Surveyor  chemical  analy.ses  (Gault 
'•!  nl.,  1968)  as  v eil  as  the  high  densities  of 
ri..i.e  rocks  from  Trancjuillity  Ba.se  'Lunar 
Sam.yi'e  Preliminary  Examination  Team. 
! 969),  and  perhaps  by  the  presumed  greater 
brecciation  in  the  older  and  ■ heavily 
impactisl  highlands.  The  grea'..  lunar  mas 
COPS  (Muller  and  Sjogren,  1968)  do  not 


appear  to  be  com|)ersated,  but  the  lack  of 
free-air  gravity  anomalies  over  Ooeanus 
I'roc'ellarum  and  the  maria  Tranquillitatis, 
Fecunditatis.  and  Xubium  (Muller  and 
Sjogn-n.  1968)  suggest  these  maria  may  be 
'■om|iensated  with  resjiect  to  adjacent 
highlands. 

Regional  concentrations  of  maria  might 
be  accounted  for  by  lateral  heterogeneities 
in  the  Muon,  such  as  might  be  due  to  accre- 
tion of  chemically  different  lumps  of 
liiuterial  (Urey  et  al.,  1959)  or  to  some 
internal  processes.  Volcanic  provinces  of 
c*om  posit  ions  different  from  maria  seem 
likely  in  the  highlands,  where  a variety  of 
probable  vulcanic  landforms  snoii  as  the 
Kant  plateau  (Milton,  1968)  are  now  recog- 
nized on  Orbiter  photos  (Wilhelms  and 
McCauley.  1969).  Surve3*or  anal^'ses  also 
suggest  some  differences  in  chemical  make- 
up for  highland  and  mare  rocks  (Jackson 
and  Wilshire,  1968).  The  differences  be- 
tween mare  and  highland  volcanism  ma}* 
reflect  different  source  compositions. 

Convection  in  the  lunar  interior  (Run- 
corn. 1962,  1967:  Fie'der,  1964)  might 
expiuin  some  regional  volcanic  differences 
such  as  the  cciicent-ations  of  mare  rocks 
within  a crude  global  belt  (Fig.  1).  It  has 
been  suggested  to  explain  a province  of 
ridges  and  volcanic  plateaus  along  the 
northwest  axis  of  Oceanus  Procellarum 
(McCaulev,  1968).  However,  the  Moon 
lacks  tectonic  mountain  chains  such  as  are 
commonlj'  interpreted  as  products  of 
mantle  convection  on  Earth  (Dietz  and 
Holden,  1965)  so  that  convection,  if  it 
existed,  mav  have  been  veiy  sluggish. 

The  concentration  of  maria  facing  the 
Earth  suggests  a terrestrial  influence  in 
their  emplacement,  although  Nash  (1963) 
postulated  that  the  uneven  distribution 
might  predaie  and  be  responsible  for  the 
Moon's  present  orientation.  Kopal  (1966) 
suggested  that  the  near-side  'unar  surface 
was  disrupted  bj'  the  Earth’s  gravitj'  at  a 
time  when  the  Moon  so  closelj'  appre ached 
Earth  that  the  Moon’s  near  side  dipped 
'.vithin  the  Roche  limit — that  distance  from 
a plrnet  within  wi.ich  a satellite  cannot 
app  -oach  without  disruption.  Any  close 
a .iproach,  even  if  not  to  the  Roche  limit, 
culd  generate  considerable  heat  (Alfven 
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and  Arrhenius,  1969),  The  generally  con- 
cordant age  o^  most  maria  supports  the 
concept  of  a brief  interval  of  i.iare  volcan- 
ism  during  a close  approach  to  Earth. 

Thus  the  mare  distribution  patterns 
seem  to  require  some  combination  of  two 
or  more  causes.  The  association  of  maria 
wdth  circular  basins  can  be  explained  by 
impact -induced  volcanism.  T he  generally 
low  elevations  of  mare  surfaces  suggest 
that  the  mare  rocks  were  extruded  approx- 
imately to  a hydrostatic  level : some  mav 
be  lew  because  they  isostaticelly  com- 
pensated. Regional  coi*centrations  of  mare 
rocks  uarelated  to  impact  basins,  and  the 
contrast  between  maria  and  probable  vol- 
canic landforms  in  the  highlands,  suggest 
volcanic  provinces  related  to  compositional 
differences  in  the  subsurface,  or  perhaps 
subcrustal  convection.  Finally,  the  i*ear- 
side  concentration  of  mare  rocks  is  so 
striking  that  it  strongly  suggests  an 
influence  of  Earth’s  gravity  in  mare 
volcanism. 
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VOLCANISM  AS  A PLANETARY  PROCESS 
Ronald  Greeley 

University  of  Santa  Clara,  Santa  Clara,  Calif.  9S0S3 


I.  INTRODUCnON 


Planetary  surfaces  result  from  the  complex  interplay  of  several  geological  processes,  including 
impact  cratering,  igneous  activity,  tectonkm,  and  gradation.  These  are  general  processes  that  prob- 
ably are  operative  on  all  terrestrial  planets,  but  their  relative  importance  varies  with  the  environ- 
ment and  evolutionary  h^oty  of  eadi  planet  Thus,  a thorough  knowledge  of  these  processes,  their 
relative  importance,  and  r^ulting  surface  features  is  required  to  understand  the  geolopcal  history  of 
die  terrestrial  planets. 

Althou^  the  role  of  volcanism  on  Earth  has  long  been  recognized  as  important,  it  was  not 
until  data  were  gathered  for  the  ocean  basins,  showing  extensive  basaltic  lava  flows,  that  its  full 
significance  was  realized.  The  role  of  volcanism  on  odier  planets  is  also  b^inning  to  emerge.  Data 
from  unmatmed  lunar  missions,  returned  samples,  photographs,  and  astronaut  observations  show 
diat  volcanism  also  played  a significant  role  in  shaping  the  surface  of  the  Moon.  In  addition.  Mariner 
missions  to  Mars  have  showi;  that  volcanism  dominated  several  r^ons  of  Mars,  evidenced  by 
tremendous  diield  volcanoes,  dome  volcanoes,  flood-type  lava  flows,  and  fissures.  Thus,  it  is  obvious 
that  for  at  least  three  out  of  the  flve  m^or  terrestrial  planetary  bodies,  volcanimi  as  a planetary 
process  is  very  important 

Comparative  geologic  studies  offer  one  laeans  for  understanding  geological  processes  on  other 
planets.  Iliree  steps  are  involved  in  such  comparative  studies:  1)  determine  the  morphology  and  the 
conditions  of  formation  for  possible  terrestrial  analogs  (e.g.,  impact  craters);  2)  through  theoretical 
considerations,  determine  the  ways  in  which  the  morphology  and  process  of  formation  might  be 
different  under  different  planetary  conditions  (e.g.,  gravity  differences,  presence  of  an  atmosphere, 
etc.);  and  3)  apply  the  results  to  the  interpretation  of  features  on  extraterrestrial  bodies.  Unfor- 
tunately, most  geological  processes  are  too  complex  to  be  completely  understood,  even  on  Earth. 
Comparative  field  studies,  however,  can  result  in  diagnostic  criteria  for  the  identification  of  extra- 
terrestrial surface  features  and  provide  clues  to  formative  processes. 

This  paper  is  a brief  review  of  the  more  common  volcanic  features  that  have  been  identified  on 
the  Moon  and  Mars  and  offers  some  possible  terrestrial  analogs.  The  features  described  include 
volcanic  vents,  flood-type  lava  flows,  volcanic  rilles,  and  lava  domes. 

An  excellent  descriptive  and  illustrated  catalog  of  terrestrial  volcanoes  is  Volcanic  Landforms 
and  Surface  Features:  A Photopaphic  Atlas  and  Glossary,  by  N.  Short  and  J.  C.'een  (1972).  This 
reference  is  particularly  useful  for  comparing  terrestrial  and  planetary  volcanic  features. 
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II.  VOLCANIC  VENTS 


Prior  to  the  recognition  of  impact  cratering  as  a significant  geological  process  (befmre  about 
1900),  most  scientists  believed  that  craters  on  the  Moon  were  volcanic.  Later,  selenologists  were 
split  into  two  camps,  the  “impactors”  and  'Volcanists.**  DVith  the  tremendous  wealth  and  quantity 
of  data  returned  by  the  Apollo  missions,  most  investigators  now  recognize  that  both  processes  were 
important  on  the  Moon  but  that  the  majority  of  craters  are  impact-produced.  The  belief,  however, 
does  not  exclude  some  volcanic  craters.  The  problem  depends  on  the  ability  to  recognize  and 
distinguish  various  types  of  craters.  A further  distinction  to  be  made  is  that  between  volcanic  and 
tectonic  events  — bodi  processes  are  re^onsible  for  craterlike  dqrresaons.  Because  the  selencdogist 
works  mostly  from  photographs,  identiflcation  of  crater  types  must  be  based  primarily  on  mor- 
phologic characteristics. 

On  Earth,  volcanic  vents  occur  in  a wide  variety  of  forms  and  sizes,  depending  primarily  upon 
type,  duration,  and  magnitude  of  eruption.  The  resulting  landform  is  t)rpicaUy  an  irregular  crater 
that  has  developed  throu^  multqile  events.  In  contrast,  impact  craters  result  from  single  events  and 
are  usually  symmetrical.  The  following  table  summarizes  the  genend  differences  between  impact 
craters  and  volcanic  craters: 

Impact 

1 . Circui  ar  or  synunetrically  elongate 

2.  Floor  lower  than  surrounding  plain 

3.  Symmetric  e^ta  Uanket 

4.  Overturned  rim  (inverse  stratigraphy) 

5.  Shit  ter  cones 

6.  High  temperature-hig^  pressure  minerals 

7.  (jentnl  peak(s)  (some  cases) 

Vcdcanic 

1.  Non-circular 

2.  Often  aligned  with  similar  craters 

3.  May  not  have  raised  rims 

4.  Normal  stratigraphy 

5.  Lack  of  shatter  cones  and  high  temperature-hi^  pressure  minerals 

6.  SmaD  (typically  less  than  a few  kflometer^ 

CcHiimon  to  both 

1.  Base-surgetype  deposits 

2.  Brecciation 

3.  Secondary  craters 

4.  Concentric  fractures 

5.  Rock-melt  flows 

One  Quantitative  technique  to  aid  in  separating  craters  is  to  determine  their  circularity. 
A'  * ; tc.:hnkiue  is  not  definitive  in  itself,  it  can  be  used  with  other  criterion  for  separating 

> *.f'  c.'>t?rs  of  other  origins.  Known  impact  craters  and  most  lunar  craters  tend  to  be 

> pit.  1 contrast  to  terrestrial  calderas  and  ring  complexes  which  deviate  widely 
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trom  a circle,  Murray  ami  Guest  (1970)  discuss  Ihe  dilTerLMU  techniques  tor  desi robing  crater 
circularity  and  present  circularities  for  2 \5  craters  including  artificial  explosion  craters,  terrestrial 
volcanic  craters,  and  various  types  of  lunar 

A,  Calderas 

Calderas  are  basin-shaped  volcanic  depre:^ions  with  diameters  that  are  many  times  -ireater 
than  their  included  vecit  or  vents.  They  may  result  from  voilupse  of  the  magma  chamber  roof  fas  a 
result  of  either  magma  extnision  or  magma  withdrawal),  explosive  removal  of  the  upper  part  of  the 
volcanic  cone,  erosion,  or  some  combination  (e  g..  Crater  Lake  caldera,  Oregon).  On  Earth,  calderas 
develop  in  lavas  of  all  compositions.  Because  they  usually  result  from  multiple  events,  they  generaHy 
are  irregular  in  outline  (non-ctrcular),  display  multiple  vents,  and  show  post oldera  structures  such 
as  flows,  rifts,  and  pit  craters  t fig.  1 X 

Several  lunar  calderas  have  been  tentatively  idemified.  These  include  the  crater  Kopff  in  the 
Orientale  basin,  the  crater  at  the  head  of  Schroter^s  Valley,  Wolf  Crater,  and  the  summit  pits  on  the 
Hortensius  domes.  Most  of  the  identified  lunar  calderas  have  typical  caldera  morphologies  and  are 
associated  with  other  volcanic  features. 


Fisaurv  L kimkn  pU  iapproxmatvk  rlS  kfft  in  iliwm'hrj  tm  me  fmjk  loa. 

291 


The  best  examples  of  extraterrestrial  calderas  are  on  Mars  (fig.  2X  imageiy  from  Mariner  9 
shows  several  martian  volcanic  regions  (Carr,  1973),  including  Olympus  Mons,  the  Tharsis  moun- 
tains, and  the  Elysian  area  where  classic  summit  calderas  occur  on  enormous  shield  volcanoes,  some 
of  which  rise  more  than  25  km  above  the  surrounding  terrain.  The  diameter  of  Olympus  Mons  is 
about  600  km  and  is  the  largest  known  shield  volcano  on  both  Mars  and  Earth,  Its  summit  caldera  is 
about  75  km  in  diameter  and  is  composed  of  multiple,  coalesced  craters.  Most  martian  shield 
volcanoes  display  various  volcanic  flow  features  on  their  flanks. 


B.  Maax  Craters 

Maar  craters  are  low  relief  depressions  typically  lacking  raised  rims  (cones),  formed  by 
generally  single,  explosive  eruptions  (fig.  3),  They  u^ally  result  from  the  interaction  of  magina  and 
ground  water.  Of  the  various  volcanic  craters,  maars  are  the  most  likely  type  to  be  confused  with 
impact  craters  because  of  their  stm0ar  morphologies.  Both  types  form  through  single,  short-lived 
leleases  of  energy.  Normal  rim  stratigraphy  distinguishes  maais  from  impact  craters  which  have 
inverse  rim  stratigraphy;  however,  it  is  not  po^ible  to  determine  rim  stratigraphy  from  most 
imagery  of  extraterrestrial  structures  and  we  must  rely  on  other  criteria  for  their  separation.  For 
example,  lunar  Rima  Hyginus  includes  a series  of  circular,  cone  craters  aligned  within  a giaben. 
They  lack  the  characteristics  of  secondary  impact  crater  chains  and  from  their  morphology  and 
setting,  the  craters  of  Rima  Hyginus  are  possible  maan.  However,  even  this  interpretation  may  be 
over-simplified  because  cone  formation  on  the  Moon  will  result  in  low-relief  rims  in  comparison  to 
terrestrial  volcanic  cones  because  of  the  lower  lunar  gravity  (Wright  et  aL , 1963). 

Because  ground  ice  and  possibly  ground  water  are  present.  Mars  is  a much  more  likely  planet 
to  have  maars  than  the  Moon.  None  thus  far,  however,  have  been  positively  identified. 


Opposite: 

figure  2 - faf  An  aiormaus  shield  volcano  on  Man.  Olympus  Mons  is  a moun- 
tain 6(H}  km  wide  at  its  hose  and  over  25  km  in  eiepaiioft  The  summit  addem 
is  apprcacimately  75  ten  in  dkmeter  and  is  the  remit  of  multiple  stages  of 
eruptions,  ft)  The  hig^-resohttion  m^e  revet.is  a long  lava  channel  and 
mmerous  lava  flows.  For  con^rison,  the  largest  shield  volamo  on  Barth, 
Mauna  Loa  in  she  Hawmian  chain,  is  less  than  m ei^th  the  diameter  of 
Olympus  Mons  and  less  than  half  its  hei^l  Shield  volcanoes  of  comparable 
size  flrr  absent  on  both  the  Earth  and  the  Moon  and  should  provide  clues  for 
the  evolution  of  planetary  interiors. 
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nuliir,  Eiegafite  CrimrfLS  km  m diamererk  m dw  h/wac^tr  vokcmi  field  of 
mwlhvm  Mexk  k 


^P  iilojig  itssufes  or  rill  /oncs^  with  5ava  cniphni!  from  a scries  of 
ot  lit  s (or  bothh  Fissure  eruptions  can  involve  higher  rates  of 
vents  and  typically  produce  Hood  basalt  Hoh's.  Often,  t!u'  precise 
miLsked  hy  Tlidr  own  products,  or  by  youngor  flows  from  Oliver 
vents*  liowever*  are  sometimes  visible  as  fracUircs  King^s  Bowl 
c depre'^sions*  or  a chain  of  spatter  cones.  The  lunar  crater  Aratus  CA 
on  tlic  Hoor  of  Copcrntcus,  and  an  unnamed  martian  met  arc  are 
nts  that  compare  favorahJy  with  similar  structures  in  the  Sneke  River 


Opposite. 

Hgjtre  4.  Hasuftir  flow  vhannd  fUimg  approximuuiv  2.5  hn  fram  a 
i^ofcmk  vratcr  Inferno  t tn  tlu  cefhra!  Snake  Rh  vr 
Plain,  fdaho. 

?()0 


IP,  LAVA  FLOWS 


Lava  flows  are  Literal  bodies  of  magma  cvtnjded  from  vents  or  nssures.  During  active  flow,  a 
variety  of  surface  features  may  develop  w'lkli  are  large  enougli  lu  visible  from  the  air.  Some  of 
the  features  are  diagnostic  of  specific  flow  properiics  and  hence  their  identification  can  provide 
dues  to  the  nature  of  the  lava. 


A.  Flood-Type  Flows 

Flood-type  flows  are  usually  erupted  at  extremely  high  rates  and  involve  fluid  types  of 
lava.  Basalt  is  the  only  lava  common!)  fluid  enougli  to  pvnnit  the  fonnation  of  long,  thin  units 
characteristic  of  flood-type  Hows.  Examples  are  i;:»uS  of  tlie  C^»]umbia  Plateau,  the  Snake  River 
Plain j and  the  Modoc  Plateau.  Mare  materia!  that  fills  lunar  basms  is  compf\,ed  of  basahic  lavas  that 
were  erupted  (at  least  partly)  as  veiy  long,  thin,  extreinciy  fluid  Hows.  Low  illumination  photog- 
raphy :?btained  during  ApolloslS,  16,  and  17  show  the  ^ong,  thin  character  of  the  upper 
(Eratosthenian)  maria!  lava  flows  (figs.  5,6(a)), 

Similar  lava  flows  have  bum  identified  in  several  plains  areas  on  Mars  (Masursk)  , 1973), 
notably  in  *he  Amazonis  basin  (fig.  6(b)), 

Pressure  ridges  a'^e  surface  features  that  develop  on  some  flood-type  flows.  Tliev  result  from 
deformation  of  partly  cooled  crust  on  top  of  still-moitcn  and  mobile  lava,  A few  smali-scaJe  lunar 
and  martian  wrinkle  (or  mare)  ridges  may  have  formed  by  similar  processes,  although  Strom  (1971) 
presents  a go^d  case  for  some  lunar  mare  ridges  to  have  msulled  from  a combination  of  extrusive 
and  intrusive  processes.  Other  mare  ridges  are  probably  tectonic,  resulting  from  compressionaJ 
forces  (Baldwin,  1963), 


B.  Collapse  Depressions 

9ome  basalt  flows,  or  parts  of  flows,  fill  depressions  and  arc  ponded.  As  cooling  and 
degassing  occurs,  the  volume  of  lava  shrinks  (shrinkage  greater  than  40*^  has  been  observed  in 
Hawaii,  R.  Holcomb,  per.  common. ),  leavi:,g  “higli"  lava  marks  on  the  sides  of  the  basin.  Such 
bench  marks  arc  visible  in  many  lunar  regions  (Holcomb,  1971 : West,  1972).  Occasionally,  only  the 
center  of  the  pond  may  collapse,  resulting  in  a higlily  irregular,  flat-floored  depression,  as  seen  on 
the  Earth,  Moon,  and  Mars  (fig,  7), 

Some  lava  ponds  are  not  completely  containerl  in  basins,  but  may  collapse  by  drainage  throwgh 
lave  tubes  or  by  withdrawal  down  the  vent;  however,  the  same  type  of  features  can  develop  on 
temporarily  ponded  flows  as  those  described  above.  Collapse  craters  often  form  on  palioehoe  lavn 
flow  surfaces.  The  craters  lack  raised  rims,  are  subcircular,  and  average  about  10  ni  in  diaineter 
Similar  features  were  inferred  in  suspected  lava  “pools''  on  the  nm  of  Copernicus  by  analysis  of 
crater  statistics  (Greeley  and  Gault,  1971).  An  anomolously  high  frequency  uf  small  craters  was 
found  in  the  ‘‘pools,'*  which,  coupled  with  the  setting  and  surface  morpholog>^  was  interpre"  ^d  to 
mean  that  collapse  craters  were  present,  along  with  the  normal  impact  craters. 


Opposite: 

Figure  6.-  Lunar  lava  flow  in  Mare  fmbrium^  (a)(LCFV-l6hM)  and  Martian 
lava  flows,  (b)  (MTVS41 79-30:  DAS  6966O08),  on  the  floor  of  the  Amazoms 
basin.  The  sheets  of  lava  indicate  low  viscosities  of  the  flows. 
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Opposite: 

Fif^re  7,  - Tamced  Idka  poo^  on  the  Moon  (a)  and  on  the  Eardt  (bl.  The  lunar 
example  fASjyM3~233S)  occun  on  the  fanide  west  of  *he  emter  Stager 
and  is  contaif^  within  a breached  emterfoem  appmximarely  3S  km  across. 
If  is  part  of  a small  m<re-fided  region  adjacent  to  Ausm^e.  The  terraces 
are  believed  to  reflect  pro^ious  levels  of  rlt^  mare  basalts,  7?»e  terrestrial 
exa^npie  is  a basaltic  pool  (less  than  / km  across)  on  the  flank  of  Mmtna  Loa. 
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C.  Channels  and  Lava  Tubes 

Observ^ations  of  active  basalt  lava  flows  and  Held  investigations  of  solidified  basalt  tlou^s 
and  lava  tubes  indicate  that  lava  tubes  can  form  by  several  mechanisms  (figs.  8 - 10). 

Lava  tubes  form  in  pahoehoc  basalt  tlows  that  have  partly  cooled  to  form  a surface  crust,  with 
How  of  fluid  lava  continuing  beneath  the  crust.  As  cooling  progresses,  active  fiow  is  restricted  to  a 
conduit  within  the  flow.  Toward  the  flow  front,  tlie  conduit  subdivides  into  smaller,  multiple  distri- 
butaries termed  fet^der  tubes  that  lead  molten  material  to  the  advancing  flow  front.  As  the  supoly  of 
lava  from  the  vent  diminishes,  molten  lava  drains  from  beneath  toe  free-standing  crust  and  leaves  a 
hollow  void,  or  lava  tube.  Most  feeder  tubes  do  not  drain,  or  are  sealed  with  lava  from  subsequent 
flows.  Lava  tubes  also  develop  from  open  channels,  or  lava  rivers  fGieeley,  1971,  1972),  which 
develop  sud'ace  cn  is, 

Lava  tubes  occur  on  slopes  ranging  from  about  0,4^  to  6.5°.  in  contrast,  channels  appear  to 
form  on  slopes  over  a much  wider  range  and  develop  in  both  viscous  (aa)  basalt  and  fluid 
(pahochoe)  basalt,  Appaamtly,  if  flow  velocity  is  high  tas  on  steep  slopes),  then  the  flow  may 
become  turbulent,  or  if  the  flow  is  too  viscous  (aa  basalt),  then  open  channels  may  form  instead  of 
lava  lubes.  However,  sections  of  turbulent  channels  may  become  roofed  by  accretion  of  splashed 
lava  along  the  banks.  Channels  also  may  form  as  a result  of  drainage  of  molten  lava  from  beneath 
the  crust  before  the  crust  has  cooled  and  solidified  to  a thickness  sufficient  To  support  its  weight. 
Tlte  width  of  the  channel  also  may  exceed  the  maximum  span  attainable  by  a free-standing  basalt 
roof.  In  either  case*  the  cooled  or  partly  cooled  roof  collapses  as  the  supporting  fluid  drains.  This 
type  of  collapse  often  occurs  in  terrestrial  structures  and  typically  results  in  sinuous  channels  with 
smooth  sides  or  as  a series  of  elongate  drainage  craters.  Thus*  channels  may  develop  in  preference 
over  tubes  when  i 1 > the  gradient  is  steep.  (2)  the  lava  is  viscous  (precise  limiting  viscosities  are  not 
known),  or  (3)  the  crust  over  the  molten  lava  is  not  free  standing  after  drainage  of  the  lava,  jlius, 
the  distinction  between  the  tubes  and  channels  can  be  made  in  regard  to  the  crust:  If  the  roof  is  free 
standing  after  drainage  of  molten  lava,  the  structure  is  a tube;  if  the  crust  only  partly  develops,  or 
collapses  during  drainage,  the  structure  is  a channel.  Some  resulting  structures  alternate  from  tube 
to  channel  to  tube,  etc. 

Active  lava  flows  containing  tubes  and  channels  with  surface  crusts  are  closed  hydrostatic 
systems.  As  an  advancing  flow  encounters  a topographic  obsirucUon,  such  as  a ridge,  the  flow  may 
ride  up  and  over  the  obstRiction;  the  contained  lube  or  channel  then  may  act  as  a siphon  operating 
rnder  hydrostatic  pressure  to  carry  molten  lava  to  the  advancing  flow  front. 

Cross  sections  perpendicular  to  lava  tubes  and  channel  axes  show  that  lava  flows  typically  form 
topographic  highs,  or  ridges,  along  the  axes.  Lava  channels  are  aggradational  features  and  the 
channel  floor  is  often  elevated  considerably  higher  thar  the  surrounding  ground  level.  This  condi- 
tion  results  from  accretion  of  lava  that  spills  over  the  bank  of  the  channel.  Multiple  surges  of  lava, 
or  individual  flow  units,  may  spread  laterally  from  the  main  channel  through  distributary  channels 
or  tubes.  Multiple  eruptions  will  continue  to  elevate  the  channel  and  adjacent  area  by  accretion. 
Tubes  and  possibly  channels  also  can  be  erosive  stnictures.  Lava  tubes  in  southwest  Washington 
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Opposite: 

Figure  I0.~  Lava  River  Cave  (TUbe)  near  Bend,  Oregon.  This  is  am  of  the 
longest  uncollapsed  lava  lubes  in  the  area.  The  roof  is  relatively  uniform  in 
thickness  (as  thick  as  22  m)  thrm^mt  its  length.  The  tube  v,-Jl  displays 
multiple  flow  lines. 
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Lav3  tubes  and  channels  commonly  form  cut-off  branches  along  the  main  structure.  Cut-offs 
may  be  at  higher,  lower,  or  the  same  level  as  the  main  structure.  Collapse  of  the  roof  results  in  an 
'island"  surroimded  by  lava  trenches.  As  collapse  progresses,  large  blocks  parallel  to  the  tube  axes 
can  break  away  from  the  wall  and  slump  into  the  collapsed  tube. 

Width  of  lava  tubes  may  be  fairly  constant  througltoui  their  course  or  they  may  vary  in  width. 
The  trench  msulting  from  lava  tube  roof  collapse  usually  reflects  the  original  conJlguration  of  the 
tube.  Lava  channels,  on  the  other  hand,  are  fairly  constant  in  width:  however,  they  often  become 
progressively  shallower  down  slope. 

Lava  tubes  and  channels  have  been  identified  in  several  lunar  and  martian  regions  on  the  basis 
of  their  geomorphology  and  geologic  setting.  Many  lunar  sinuous  riltes  {ftgs.  1 1 “d4(a)Xb»  originate 
in  craters,  trend  down  slopes,  are  generally  (but  not  always)  restricted  to  mare  material  tbasalfic 
lava  flows),  are  controlled  by  pre-mare  topography,  have  cut-off  braces,  and  lateral  leeves.  Many 
martian  channels,  particularly  those  associated  with  the  shield  volcanoes,  have  these  same  character' 
istics.  The  pru;^ajry  problem  in  comparing  lunar  and  martian  lilies  to  terrestrial  lava  tubes  or 
channels  is  the  disparity  in  size.  The  extraterrestrial  features  are  commonly  3-10  times  larger  than 
their  earthly  counterpart.  However,  laboratory  dct  nninations  of  the  viscosity  and  thermal  conduc- 
rivity  of  lunar  ba  indicate  that  lunar  lava  flows  could  be  extremely  long  (confirmed  by 
Apollos  15,  16,  and  17  photography)  and  it  seems  likely  that  associated  flow  features  would  be 
correspondingly  large. 


tv.  LAVA  DOMES 


Lava  domes  are  constnictionaJ  volcanic  landforms  that  develop  from  the  eniption  of  viscous 
varieties  of  lava,  such  as  rhyolite  and  dacite.  In  contrast  to  shield  volcanoes  and  other  fluid  lava 
features,  domes  arc  snialt  and  steep-sided.  Lava  How  textures  are  blocky  and  domes  lack  flow 
channels  and  lava  tubes.  Examples  are  the  domes  near  Mono  Crater,  California.  Lunar  domes 
(figs.  14(c), (d))  occur  in  several  areas,  notably  near  Gruithusen  in  the  Rumker  Hills  and  on  he  floor 
of  Copernicus,  These  and  other  examples  are  discussed  by  Smith  (1 973)  along  with  possible  terres- 
trial analogs.  Hecates  Tholus  is  an  example  of  a martian  volcanic  dome. 


Opposite: 

figure  I !.  Lunar  muouii  riile  characteristics.  AUhm^  many  sinuous  rilles 
resemble  terrestrial  lava  channels  and  tubes,  they  are  typkally  much  longer 
This  difference  in  scale  may  be  the  result  of  greater  volumes  of  erupted  lumr 
lavas  wUh  very  i<7W  viscosities. 
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LUNAR  SINUOUS  RILLE  CHARACTERISTICS 


Opposite: 

Figu.  II-  Ari  obiiqm  vie¥*  of  lunar  simom  and  rectilmeat  rilies  in  the 
Harmnger  Mountains.  The  recUUnear  pkn  probably  represents  structural  con- 
trol of  a portion  a/  ihe  flow  path.  Note  the  merging  of  rilies  extending  from 
the  Aristarchus  Plateau  (to  the  right).  The  Harbinger  Mountaim  are  believed 
to  represent  massifs  forming  pm  of  an  inner  ring  of  the  imbrium  Basin. 
Sinuous  riiles  typkally  occur  in  such  ring  mnes  and  suggest  eruptions  ahng 
deep  fmits  originaiiy  produced  ty  the  formation  of  the  basin 
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Opposite: 

fiptrc  14^:  Q<m-up  mews  of  ike  Mmm  HiMs*  P^^'^icmk  cmes  are  ciemiy  skaw^. 
in  iai  (L€^V-2i  3-M}:  in  pw^Ucuimr,  mne  the  b^^m:hed.  eime  (iawer  left  I ike 
ehn^ie  com  iee:tierl  md  the  smMier  cones,  in  additkm,  the  bmnckmg  idle 
terminus  noticed  in  figures  md  (bj  is  shown  in  ike  lower  right  Another 
view,  (bifl  O V-2I5-MI  includes  the  other  end  of  ike  riiie  where  it  is  con- 
nected with  a wrinkle  pdge  md  uppeurs  to  be  related  to  the  corm^ied 
surfme  across  the  summit  of  the  iirefri&r  dome.  The  wMtk  of  both  (a)  md. 
(b!  citrresponds  to  15  km.  Ihe  stereo  pair,  frJ/£OF-2/5“M^  md 
(d)  (LO^V-2i2-Ml  shows  a textured  dome  fappmxmmteiy  8 km  in  diameter  I 
surrmnded,  in  part,  by  irregular  terraces. 
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V.  CONCLUSIONS 


Volcanic  features  have  been  identified  on  the  Earth,  Moon,  and  Mars.  Through  comparative 
studies,  it  is  possible  to  interpret  the  form,  structure,  and  origin  of  many  extraterrestrial  volcanic 
features,  whose  identification  and  classification  are  essential  to  the  derivaiiOii  of  regional  geology 
and  the  general  geological  evolution  of  planets. 
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Abstract.  Over  300  previously  unrecognized  volcanic  domes  were  identified  on  Lunar  Orbiter  photo- 
graphs using  the  following  criteria:  (I)  the  recognition  of  land  forms  on  the  Moon  similar  in  mor- 
phology to  terrestrial  volcanic  domes,  (2)  structural  control,  (3)  geomorphic  discordance,  and  (4)  the 
recognition  of  land  forms  modified  by  dome-Mke  swellings.  Many  terrestrial  volcanic  domes  are  simi- 
lar in  morphology  to  lunar  domes.  This  analogy  suggests  that  some  lunar  hills  are  in  fact  extrusive  vol- 
canic domes.  Many  of  the  domes  identified  in  this  paper  seem  to  be  related  to  basins  and  craters,  and 
with  the  exception  of  local  tectonic  grid  control  few  domes  are  related  to  any  observable  Moon-wide 
pattern.  Domes  are  not  uniquely  found  on  maria.  Dome  formation  probably  spans  a wide  range  of 
lunar  time  and  activity  in  areas  where  domes  are  located  may  be  continuing  to  the  present  as  revealed 
by  the  close  correlation  of  dome  distribution  with  the  distribution  of  lunar  transient  events.  The  over- 
all morphology  of  a lunar  dome  is  a poor  indicator  of  the  composition  of  the  rock  that  forms  the 
dome. 


1.  IntroductioD 

The  form  and  distribution  of  lunar  volcanic  domes  bear  on  the  problem  of  the  nature 
of  lunar  volcanism.  Furthermore  the  distribution  of  domes  and  other  probable 
volcanic  features  may  provide  clues  to  structural  patterns  controlling  volcanism. 

The  Lunar  Orbiter  missions  provided  good  high  resolution  photographs  of  most  of 
the  Moon  and  revealed  over  300  previously  unrecognized  domes  and  other  probable 
volcanic  land  forms.  This  paper  discusses  the  criteria  established  for  identification  of 
lunar  volcanic  domes  and  the  significance  of  dome  distribution.  Domes  identified  by 
methods  presented  here  vary  greatly  in  morphology  from  broad  mare  domes  to 
irregular  steep-sided  cratered  domes.  The  irregular  steep-sided  features  are  of  particu- 
lar interest  because  many  resemble  extrusive  volcanic  domes  in  terrestrial  volcanic 
fields.  For  example,  Holocene  rhyolite  domes  in  the  Mono  Craters  in  California  are 
similar  in  morphology  to  some  steep-sided  lunar  land  forms.  This  analogy  suggests 
that  extrusive  volcanic  domes  are  indeed  present  on  the  Moon.  Many  lunar  domes 
seem  to  be  associated  with  basins  and  craters,  and  with  the  exception  of  local  tectonic 
grid  control  few  are  related  to  any  Moon-wide  pattern. 

Apollo  orbital  photography  is  now  being  studied  to  re-examine  domes  identified 
on  Lunar  Orbiter  photographs  and  to  survey  areas  where  high  resolution  Lunar 
Orbiter  coverage  was  not  satisfactory.  Most  interpretations  have  not  changed  by 
viewing  domes  on  Apollo  photographs. 

* Contribution  No.  33  Planetary  Geology  Group.  University  of  New  Mexico. 

**  Present  address:  Division  of  Science,  University  of  Wisconsin  - Parkside,  Kenosha.  Wis.  53140, 
U.S.A. 
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In  this  paper,  I have  adopted  the  definitions  of  mare  material,  mare  and  basin 
established  by  Hartmann  and  Wood  (1971).  They  define  mare  material  as  “relatively 
smooth  dark  material...  can  occur  in  basins,  craters  or  irregular  depressions”. 
Mare  is  defined  as  “a  large  deposit  of  mare  material  whether  in  a circular  basin  or 
irregular  depression”,  and  basin  “is  used  to  designate  the  largest  circular  depressions... 
Basins  may  or  may  not  be  flooded  by  mare  material”. 

2.  Definitions  of  Terrestrial  and  Lunar  Domes 

On  Earth,  the  term  volcanic  dome  has  been  broadly  applied  to  basalt  shield  volcanoes, ' 
Pelean  spines,  tumuli  and  felsic  extrusions.  Williams  (1932a),  however,  restricted  the 
definition  to  include  only  “steepsided,  viscous  protrusions  of  lava  forming  more  or 
less  dome-shaped  masses  around  their  vents  (Williams,  1932a)”.  Examples  of  volcanic 
domes  of  this  type  are  in  the  Mono  Craters,  California  (Putnam,  1932;  Smith,  1970) 
(Figure  I).  These  rhyolite  domes  vary  in  diameter  from  less  than  100  m to  more  than 
2 km  and  are  commonly  associated  with  flows  and  craters.  Flows  rarely  travel  more 
than  2 km  from  their  source.  Collapse  craters  are  shallow  sags  wi:h  depth-diameter 
(d/D)  ratios  varying  from  about  1:5  to  about  I : (0.  Explosion  craters  on  the  other 
hand  are  deep  cone-shaped  craters  (d/Z)  about  1 : 3)  up  to  2 km  in  diameter. 


Wll;/  Flow  banded  rock  of  dome 
Brecciated  and  fractured  rock 
v:.-.  Debris 

Fig.  I.  Diagramatic  cress  section  of  a terrestrial  volcanic  dome. 


In  this  paper,  the  term  lunar  volcanic  dome  is  used  in  its  broad  sense.  That  is 
swellings  on  the  maria,  irregular  swellings  and  steep-sided  hills  are  referred  to  as 
domes,  even  though  many  of  these  features  may  not  be  true  volcanic  domes.  Some,  in 
fact,  may  be  cinder  cones,  stratovolcanoes  and  shield  volcanoes. 

Previous  lunar  dome  definitions  are  inadequate  in  that  they  only  describe  mare 
domes  (Westfall,  1964).  A typical  mare  dome  is  a low  blister-like  feature,  circular  to 
irregular  in  shape  with  diameter  ranging  from  the  limit  of  telescopic  resolution  to 
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about  35  km.  The  average  mare  dome  diameter  is  about  4 km  (Brungart,  196)4. 
Slope  angle  rarely  exceeds  S*’  on  the  flanks  of  mare  domes. 


3.  Literature  Review 

Previous  studies  of  lunar  domes  were  based  primarily  on  telescopic  observations  and 
detailed  studies  of  Earth-based  photographs.  Most  of  these  studies  described  broad 
mare  domes  and  various  hypotheses  were  presented  for  their  origin.  Shaler  (1903) 
and  Spurr  ( 1944)  indicated  that  domes  might  be  formed  by  trapping  gas  beneath  the 
surface,  uparching  surface  layers.  Pickering  (1903)  and  Baldwin  (1963)  showed 
similarities  between  basaltic  shield  volcanoes  and  mare  domes,  and  Herring  (I960) 
and  Fielder  (1962)  advanced  the  idea  that  domes  were  laccolithic  intrusions.  Beswick 
(1962)  suggested  that  domes  may  develop  into  craters.  Domes  mapped  by.  the  U.  S. 
Geological  Survey,  Branch  of  Astrogeology,  were  interpreted  as  laccoliths,  shield 
volcanoes  and  extrusive  domes. 

Arthur  ( 1 962)  and  Baldwin  ( 1 963)  stated  that  domes  are  on  the  maria  and  noticeable 
clustered  on  both  sides  of  the  lunar  equator,  and  Brungart  (1964)  substantiated  this 
observation.  Bulow  (1964)  indicated  that  domes  probably  existed  on  the  lunar 
highlands,  but  could  not  be  seen  from  Earth.  Lunar  domes  were  catalogued  by  Moore 
and  Cattermole  (1957),  Abbey  and  Both  (1958),  Brungart  (1964),  Rae  (1963,  1966) 
and  Jamieson  and  Rae  ( 1 965). 

Features  other  than  mare  domes  were  interpreted  as  endo^  jiiic  land  forms  on 
Ranger,  Orbiter  and  Apollo  photography.  Kuiper  et  al.  (1965)  on  Ranger  photographs 
compared  several  domes  to  tumuli  on  basalt  flows,  and  Elston  (1967)  interpreted 
spines  with  summit  pits  on  the  northeast  wall  of  Alphonsus  as  extrusive  morphologies. 
On  Lunar  Orbiter  photographs,  McCauley  (1967,  1969)  interpreted  hills  in  the 
Marius  Hills  as  domes  and  cinder  cones.  O'  Keefe  et  al.  (1967)  suggested  that  the 
Flamsteed  structure  was  the  surface  expression  of  a ring  dike,  with  domes  and  flows 
exposed,  and  Smith  (1969)  interpreted  the  Rumker  Hills  as  a dome  complex  and 
suggested  analog  of  domes  in  the  Mono  Craters,  California  to  some  lunar  cratered 
domes  (Smith,  1970).  Eggleton  (1970)  suggested  that  several  features  in  the  Rumker 
and  Montes  Riphaeus  quadrangles  are  stratovolcanoes.  Apollo  Orbital  photography 
has  revealed  several  probable  domes  (El  Baz  and  Wilshire,  1969;  El  Baz,  1971; 
Scott  eta!.,  1971). 


4.  Criteria  for  Identification  of  Lunar  Volcanic  Domes 


A.  INTRODUCTION 

Domes  on  Lunar  Orbiter  photographs  were  identified  by  application  of  a set  of 
objective  criteria  whicti  are  based  on  (1)  the  recognition  of  land  forms  modified  by 
dome-like  features,  (2)  structural  control  and  geomorphic  discordance,  and  (3) 
characteristic  surface  morphology  and  the  shape  and  dimensions  of  summit  pits. 
Features  identified  by  these  criteria  are  interpreted  as  endogenic  and  not  as  features 
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related  to  meteorite  or  asteroidal  impact.  The  number  of  domes  identified  as  volcanic 
by  these  criteria  is  probably  a conservative  estimate  of  the  total  number  of  lunar 
domes,  becai'«e  dome  identification  is  extremely  difficult  in  the  iunar  highlands  where 
many  positive  topographic  features  occur.  A summary  of  criteria  used  to  identify 
domes  is  given  on  Table  I. 


TABLE  I 

Summary  of  Criteria  for  Identification  of  Lunar  Volcanic  Domes 


A.  Land  forms  modified  by  donie-like  swellings 

1 . Swellings  on  crater  walls,  rims  and  floors. 

2.  Swellings  on  mare  ridges,  and  associated  with  rilles. 

B.  Structural  control 

1 . Swellings  at  the  intersection  of  mare  ridges. 

2.  Swellings  at  the  intersection  of  rilles. 

3.  Swellings  at  crater  intersections. 

C.  Geomorphic  discordance 

1 . Land  forms  superimposed  on  regional  trends. 

2.  Land  forms  with  fresh  looking  appearance  in  areas  where  other  features  are  subdued. 

3.  Land  forms  atypical  of  the  local  terrain. 

D.  Morphologic  criteria 

1 . The  presence  of  analogous  land  forms  on  Earth  and  Moon. 

2.  Identification  of  volcanic  craters  associated  with  positive  topographic  features  by  depth- 
diameter  technique  (Smith,  1971)  or  crater  circularity  (Murray  and  Guest,  1970). 


B.  LAND  FORMS  MODIFIED  BY  DOME-LIKE  SWELLINGS 

Deviation  from  typical  crater  morphology,  that  is  a distinct  deviation  from  the  shape 
which  is  typical  of  the  majority  of  craters  of  the  same  size  and  age,  is  considered 
evidence  for  modification  by  endogenic  processes.  Examples  are  oversized  central 
peaks,  large  swellings  on  crater  walls  and  rims,  and  hills  on  a crater  floor  not  related 
to  the  central  peak  or  wall  slump  blocks.  Swellings  on  mare  ridges  probably  have  an 
endogenic  origin,  since  mare  ridges  themselves  are  interpreted  as  intrusive  and/or 
extrusive  features  (Strom,  1971).  Strom  (1971)  also  noted  the  presence  of  swellings 
and  small  hills  on  mare  ridges  and  interpreted  them  as  post-mare  volcanic  hills. 
Swellings  associated  with  rilles  are  also  interpreted  as  domes. 

Examples  of  domes  in  craters  are:  (I)  a crater  8.9  km  in  diameter  north  of  Mare 
Serenitatis  enclosing  a cratered  central  dome  3.S  km  in  diameter  (Figure  2);  (2)  a 
crater  in  western  Ocean  us  Procellarum  5.6  km  in  diameter  with  a cratered  dome  2.8  km 
in  diameter  (Figure  .3);  (3)  craters  in  Aitken  filled  with  bulbous  domes  (boytroidal 
fill)  (Figure  4);  (4)  domes  in  large  fresh  craters  (Tycho,  Aristarchus,  Copernicus). 
An  example  of  a swelling  on  a mare  ridge  is  in  southeastern  Oceanus  Procellarum 
(Figure  S)  and  domes  associated  with  rilles  are  in  southern  Oceanus  Procellarum 
(Figure  6)  and  near  the  crater  Gruithuisen. 
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Fig.  2.  A crater  km  in  diumcier  north  of  Maiv  Screnitaiis  which  endorses  a cralcrcd  dome 

t Lunar  Orbitcr  4h 


Fig.  3.  A crater  in  western  rkcanuN  PnKxilaruin  ^ b km  in  diamcior  enclosing  a craiered  dome 

2.S  krn  in  diameter  (Lunar  OrHucr  4h 


C.  STKUCrURAL  fONTROl.  AND  Cii-OMORPHIC  l)i''raRDANCE 

Intersection  of  structural  elements  often  controls  tlie  location  of  domes.  For  example 
bulbous  forms  at  the  inter*:'-'’ ion  of  mare  ridges  (Figure  7),  at  the  intersection  of  rilles 
(Figure  8),  and  at  the  intersection  of  two  craters  (Figure  9)  are  interpreted  as  volcanic 
domes.  Domes  also  may  be  aligned  in  a common  direction,  for  e.xample,  the  Horten- 
sius  domes. 


10KM 


v:  > / . 

% : 

It  1 W I 


Fig.  4.  Craters  in  Aitken  filtcd  with  bulbous  domes  (bolryoidat  fill) 
( Lunar  Orbiler  3). 


Geomorphically  discordant  land  forms  are  those  which  cut  or  are  superimposed  on 
regional  trends,  or  have  a sharp  and  fresh-looking  appearance  in  areas  where  other 
features  are  subdued  or  those  features  which  ar*  atypical  of  the  local  terrain.  Examples 
are  the  Gruithuisen  domes  (Figure  10)  and  a large  cratered  hill  in  an  unnamed  crater 
on  the  far  side  of  the  Moon  ( Figure  1 1 ). 

D.  MORPHOLOGIC  CRiTPRIA 

Information  'tained  from  study  of  Holocene  terrestrial  volcanic  domes  can  be  used  as 
criteria  for  lunar  dome  identification.  For  example,  Holocene  rhyolite  domes  in  the 
Menu  Craters,  California  (Putnam,  1938;  Smith,  1970)  have  characteristic  surface 
morphologies.  Their  surfaces  are  irregular  and  covered  with  blocks;  locally  spines 
of  breccia  and  massive  rock  protrude  through  debris  (Figures  1 and  12).  Flanks  of  the 
domes  stand  at  the  angle  of  repose  (35  ) and  are  mantled  by  ash,  lapilli  and  blocks. 
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The  overall  shape  of  these  features  is  due  to  debris  resting  at  or  near  the  angle  of 
repose  and  not  to  shape  or  structure  of  the  central  plugs  tPutnam,  193H;  Smith,  1970). 
Similar  shapes  are  found  in  domes  of  dacite( Williams,  1932b)  and  andesite(Georgala 
1962). 


Fig.  5,  A swelling  on  a mare  ridge  in  southeastern  Ocean  us 
Proccllarum  {Lunar  Orbiter  4). 


Several  lunar  domes  are  covered  by  debris  and  may  be  analogous  to  domes  in  the 
Mono  Craters.  For  example,  on  the  floor  of  Copernicus  there  are  irregular  hills  and 
cratered  cones  covered  by  blocks  which  are  in  places  arranged  in  circular  patterns 
(Figure  13).  It  is  suggested  that  these  rubble-covered  hills  on  the  floor  of  Copernicus 
are  lava  extrusions  surrounded  by  debris  and  hence  are  analogous  to  domes  in  the 
Mono  Craters. 

In  the  Mono  Craters,  there  is  a distinct  eruplivc  sequence  (Smith,  1970)  which 
accounts  for  the  wide  diversity  of  domal  forms.  The  sequence  has  the  following 


329 


stages  { 1 ) formation  of  explosion  crater,  (2)  extrusion  of  a dome  in  the  explosion 
crater,  (3)  cratering  of  the  dome  by  collapse  and  explosions,  and  (4)  extrusion  of  a 
dome  on  the  floor  of  the  crater  formed  in  stage  3 and  its  subsequent  cratering  produ- 
cing a double  crater.  Flows  are  associated  with  stages  2 and  4 of  the  sequence  (Figure 


Fig.  6.  A cratered  dome  and  ridge  (B)  associated  with  a riile  in  southern  Oceanus  ftoccHarum 

(Lunar  Orbiter  4). 


Fig.  7.  A swelling  (A)  at  the  intersection  of  mare  ridges  in  Oceanus  Procellarum  (Lunar  OrUlcr  4). 
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14).  The  development  of  a particular  dome  may  be  arrested  at  any  stage.  Parts  of  this 
sequence  are  well  documented  in  daciie  and  andesite  terrains  (Smith,  1970).  On  the 
Moon,  many  morphologies  similar  to  those  in  the  Mono  Craters  arc  found  associated 
together,  for  example,  domes,  cratered  domes  and  double  craters  tre  observed  to  the 
west  of  Lacus  Mortis,  in  Mare  Frigoris  and  near  the  Alpine  Valley  (Figure  IS). 


Fig.  8,  Irregular  hill  (A)  at  the  intersection  of  riUes  on  the  flocw  oi'  Copernicus  (Lunar  Orbiter  5), 


Many  lunar  examples  are  larger  than  most  terrestrial  domes,  but  the  difference  is 
usually  less  than  an  order  of  magnitude  and  is  not  considered  to  be  a major  difficulty 
in  making  these  comparisons.  The  fact  that  similar  land  forms  exist  on  the  Earth  and 
Moon  is  evidence  that  some  lunar  domes  are  indeed  viscous  extrusive  domes. 

in  lunar  and  terrestrial  photographs  cratered  viscous  extrusions  may  be  difficult 
to  distinguish  from  cratered  basaltic  cinder  cones  because  the  outw^ard  appearance 
of  both  features  is  controlled  by  debris  on  the  flanks  of  the  extrusions  resting  at  or 
near  the  maximum  angle  of  repose.  The  maximum  angle  of  repose  is  dependent  on 
particle  size,  shape  and  packing  and  is  independent  ofrock  composition  and  force  of 
gravity.  Overall  shape  of  some  volcanic  hills  is  therefore  a poor  indicator  of  the 
composition  of  the  rock  composing  the  hill.  Distinction  between  domes  and  cinder 
cones  may  be  possible  by  the  fact  that  they  are  associated  v ith  different  land  forms 
and  that  their  crater  diameter-dome  diameter  ratios  differ.  McCauley  (1968)  has 
observed  similarities  between  cratered  cinder  cones  and  breached  cones  in  the 
San  Francisco  volcanic  field,  Arizona  and  cones  in  the  Marius  Mills.  Basaltic  cinder 
cones  in  the  San  Francisco  field  may  be  . source  of  voluminous  lava  flows  which 


ira\e!  up  lo  20  km.  I’limscommunK  comatn  uell  dc^ciopcd  lava  iu!‘>ch  and  collapse 
dcpressjons.  On  the  oiher  hand  \olcanic  domes  are  assiKaated  with  suibb\  flows 
which  rarely  flow  more  than  2 km  and  ihcsc  flov\s  arc  noi  asstK'iaicd  wiih  lava  lubes. 
Dt>mes  are  comnionlv  asxtK'taled  with  other  lard  fornis  of  the  Mono  Oalers  eruplise 
sequence  (double  craters,  uncraiered  domes,  dome  and  crater  morphologies)  and 


Fig.  9.  Dtnnc-like  forms  tAj  at  ihc  intcrscciion  of  i\\o  craters 
(Lunar  OrNi.r 


rarely  with  breached  cones.  I>elai!ed  inspection  on  photographs  with  resolution 
greater  than  I m vul!  probably  rcso!%e  the  probiem  because  in  detail  cinder  cones 
and  cratered  domes  dilTer  considerably.  \ or  example,  cinder  cones  ha\c  smocih 
outer  slopes  and  bedding  uiihin  the  summit  crater,  and  \olcanic  domes  commonly 
ha\e  rough  flanks  and  bedding  is  rare  in  ccniral  craiers. 

in  phoiogntphs  it  may  also  be  diflicuh  to  distinguish  domes  from  slrato volcanoes. 
On  the  flanks  of  strain  volcanoes  successive  flow  friuits  and  aligned  craters  may  be 


Fig.  10.  The  GruiiHuisen  Monies  {A  and  lii  wtsi  of  Mare  Jmbrium.  Thc^  htib  are  unlike  most 
land  forms  in  surrounding  ra^niin  and  are  in  ?er preted  as  volcanic  domes  ^ Lunar  Orbiter 


Fig,  I L A large  crakTcd  hiM  m an  cnnaincd  crater  on  the  far  side  of  ihe  Moon,  This  hill  is  distinctly 
ditTereni  froni  land  forms  m surrounding  icrrain  am!  is  interpreted  as  a volcanic  dome 


^ 

Fig.  1-.  An  oblique  aerial  photograph  of  Wibon  Butte;  a rhyolite  dome  in  the  Mono  Craters, 
Caiifomia.  This  dome  has  a shape  >^hich  is  typical  of  uncratered  volcanic  domes. 


Fig.  13.  An  ancrutcred  hill  on  the  floor  of  Copernicus  interpreted  as  a volcanic  dome.  Note  ring 
of  blocks  (arro^)  uhich  may  represent  the  margin  of  a circular  extrusive  plug  (A),  This  plug  may 
be  surrounded  by  an  apron  of  debris  in  the  same  manner  as  domes  in  the  Mono  Craters,  California. 


Fig.  14.  The  Mono  Craters  developmental  sequence:  I . formation  of  an  explosion  crater,  2,  extrusion 
of  a dome  on  the  explosion  crater  floor,  3*  cratering  of  the  dome  by  collapse  and  explosions,  and 
4,  extrusions  of  a dome  on  the  floor  of  the  crater  formed  in  stage  3 and  its  subsequent  cratering 

producing  a double  crater. 
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present.  "Mi esc  features  are  rare  on  the  Hunks  of  domes.  An  example  of  a possible 
lunar  stnUu^olcano  is  in  ihe  Kiimfer  HilK  i figure  Uo  Other  examples  arc  in  the 
Rumkerand  Vlomes  Rrphaeusquadratigksi ! egknon, 

The  base-diameter  sumiuil-eruter-diumcier  ratio  max  be  used  as  a criterion  lo 
distinguisli  bclv\een  ciatcred  domes,  emder  cones  and  straiowslcanoes  t>n  photographs 
cAeri  though  lieJds  overlap.  Die  ratiti  for  live  domes  varies  from  U,4  0.7,  This  compares 
to  values  of  0.  n U.5  for  55  hasiiitic  cinder  cones  and  0.05  0.2tt  for  eight  strato-  and 
shield-  voicanocs.  The  nuio  for  lunar  cratered  hiils  varies  from  0,2  U.9. 


Quaniiiaiive  morphologic  criteria  mcliidc  the  depth-diameter  ratio  of  craters  3,5  km 
in  diameter  (Smith,  1971 1 l errestnal  and  lunar  craters  show  consistent  difTerentiaiion 
into  two  fields  fe,,  a lou  depth  diameter  lick)  of  impaci  craters  and  a high  depth/ dia- 
meter held  of  '-olcamc  craters.  If  a sum  mil  crater  on  a lunar  hill  is  identified  as  a 
volcanic  crater,  it  is  probable  that  the  hill  itself  has  a volcanic  origin.  The  technique  of 
Murray  and  Guest  (1970)  based  on  crater  nnindness  can  lie  used  to  suggest  origin 
of  large  lunar  craters.  If  a crater  is  iniLTprckd  as  volcanic  by  this  method,  bulbous 
features  associated  with  the  crater  mav  have  an  endoi^enic  ortt?in. 


5.  Distribiititm  of  l,imar  Domes 


Domes  ident*hed  in  this  suidy.  picvitnislv  idenlilied  domes,  sinuous  and  straight 
tilics  and  dark  halo  craters  arc  phincd  on  lagure  !7  and  hsicd  in  lable  II.  Density 


f-'ig.  15,  .AssociaieU  Uomes,  dume  tn  crater  and  cratered  domes  in  Marc  Frigoris,  These  features 
may  be  analogous  to  domes  in  ihc  Mono  Oaiers  and  may  develop  ihrough  stages  similar  to  those 

of  ihc  Mono  Craters  dcvdopmcntal  sequence. 


ot  domes  and  oilier  endogenic  feaUires  is  piuitcd  on  l-'igiirc  IS,  On  Table  I(  each  dome 
is  graded  A to  E indicating  the  le\ci  of  its  documeiiiaiion  grade  A indicates  a 
well-dociimenied  dome,  and  E a poorly-documented  dome).  Land  forms  which  are 
now  poorly  documented  are  an  obvious  choice  for  re-exam  i nation  when  high  quality 
photography  becomes  avatlahle.  The  following  conclusions  arc  based  on  Figures  17 
and  18. 


Fig.  16.  The  Riimkcr  Hills,  a volcanic  dome  complex  in  the  Occanus  Procdlargm.  A possible 
stratovolcano  is  at  A.  Possible  lobate  (low  fronts  associated  with  the  stratovolcano  are  at  B (Lunar 

Orbitcr  4). 


(1)  Dome  distribution  is  not  random;  domes  arc  preferentially  found  (a)  about 
the  margins  of  basins  and  irregular  depressions  both  on  niare  and  marginal  highlands 
materials;  (b)  on  crater  floors,  walls  and  rims;  (c)  in  the  highlands  on  isolated  smooth 
material  nut  dearly  associated  with  recognizable  ba  ..is  and  in  nioiintainous  highland 
terrain, 

(2)  Domes  are  closely  associated  with  sinuous  rillcs  and  dark  halo  craters.  The 


F«.  17.  Map  showing  the  distribution  of  volcanic  domes,  sinuous  and  straight  rilles  and  dark  halo  craters  on  the  Moon. 


TABLE  II 

List  of  Lunar  Domes 


Location  - IV  HI08  (988, 19  L)  indicates  that  the  feature  is  located  on  Lunar  Orbiter  4 high  resolution 
photograph  108,  frameiet  988, 19  cm  from  the  left  margin  of  the  photograph. 

R - Reliability  of  dome  identification  on  A to  E scale. 


Location 

Description 

R 

M33 

Orbiter  2 
(946,  I9.SL) 

Hills  on  crater  floor 

C 

(941,  I9.5L) 

Botryoidal  fill 

B 

M75 

(446,  7.2L) 

Double  ring 

B 

(439,  8.4L) 

Hills  on  crater  floor 

D 

(443,  I8.6L) 

Double  ring 

D 

MI20 

Orbiter  3 
(762.  I3L) 

Two  cratered  cones  with  summit  pits 

C 

MI2I 

(900,  21 L) 

Cratered  cones  and  botryoidal  fill 

B 

(724,  11.9) 

Cratered  cones  on  floor  of  Tsiolkovsky 

C 

(711,  17.4L) 

Cratered  cones  on  floor  of  Tsiolkovsky 

C 

(692,  5.5L) 

Dome  in  crater  with  sinuous  rille 

A 

(658,  20L) 

Cratered  cones 

A 

HI99 

Flamsted  Ring 

A 

HS 

Orbiter  4 
(20.  5L) 

Dome  on  mare  ridge 

A 

H6 

(180,  I6.3L) 

Dome  on  crater  wall 

B 

(182,  9L) 

Cratered  cone 

C 

(201.  19L) 

Domes  on  crater  floor 

C 

(227,  10.5R) 

Isolated  flat-topped  domes 

C 

H8 

(483,  9R) 

Domes  on  crater  floor 

C 

H9 

(578,  12.7R) 

Flat  dome  within  irregular  crater 

A 

HIO 

(672,  5L) 

Domes  on  mare  ridge 

C 

(696,  141 ) 

Cratered  cone  within  crater 

C 

HI7 

(623,  5.5L) 

Textured  dome  in  crater 

D 

HI8 

(755,  3L) 

Cratered  cones 

D 

H27 

(983,  5L) 

Hill  on  rille 

C 

(983,  9.5L) 

Hill  at  intersection  of  three  rilles 

C 

H38 

(415,  20L) 

Dome  on  mare  ridge 

B 

HS2 

(216,  11. 5L) 

Cratered  flat-topped  dome  in  crater 

C 

(262,  21.5L) 

Domes  in  three  craters 

A 

(265,  17L) 

Rounded  ridge  in  crater 

D 

HS3 

(373,  I9.5L) 

Aligned  domes  in  crater 

B 

(385,  I6.5L) 

Domes  in  crater 

C 

H60 

(283,  9L) 

Dome  in  crater 

C 

(285,  23L) 

Dome  on  mare  ridge 

B 

(277,  17L) 

Double  crater 

A 

H6S 

(935,  7L) 

Dome  associated  with  rille  in  crater 

C 

H66 

(040,  lOR) 

Hummocky  mass  on  crater  floor 

D 

(157.  19L) 

Dome  in  the  Palus  Somnii 

D 

H67 

(148,  17L) 

Elongated  domes  in  crater 

C 

(169,  6L) 

Double  crater  with  domes  in  moat 

A 

(255,  lOR) 

Flat-topped  dome  in  crater 

C 

(214,  18L) 

Cratered  dome 

B 
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Tabh  //  (Continued) 


Location 

Description 

R 

H68 

(322,  16R) 

Cratered  cone  on  crater  wall 

A 

(368,  13.SR) 

Double  crater 

A 

(368,  4.8L) 

Broad  dome  on  ridge 

A 

H70 

(548,  4.SL) 

Dome  in  crater 

C 

H7I 

(714,  9L) 

Domes  in  Fabricus  associated  with  rille 

B 

H72 

(813,  lOL) 

Cratered  domes  associated  with  rille 

B 

(815,  19L) 

Domes  ia  crater 

B 

(818,  3.4) 

Dome  at  crater  intersection 

A 

(819,  13.5L) 

Large  dome  on  crater  floor 

A 

(887,  15.5L) 

Cratered  cone 

D 

(889,  5.7L) 

Cratered  cone 

C 

(816,  15L) 

Cratered  cone  associated  with  rille 

C 

(816,  2R) 

Dome  field 

D 

(838.  4.5L) 

Dome  in  double  crater 

C 

(839,  16.5L) 

Six  domes  on  mare  ridge 

A 

(855,  !0L) 

Dome  on  crater  rim 

A 

H74 

(072.  20.5L) 

Three  peaks  in  crater 

D 

H76 

(378,  2.5L) 

Oversized  central  peak 

D 

H77 

(526,  8R) 

Irregular  domes  associated  with  rille 

D 

H78 

(637,  19L) 

Dome  on  mare  ridge 

A 

(593,  lOL) 

Pear  shaped  dome  on  mare  ridge 

C 

(611,  16R) 

Cratered  hill  on  crater  wall 

A 

(643,  7L) 

Domes  on  mare  ridge 

B 

H83 

(259,  I5L) 

Swelling  on  ridge  in  crater 

D 

H84 

(411.7.5R) 

Domes  on  floor  of  Theophilus 

C 

(432,  8L) 

Domes  on  crater  rim 

D 

(397,  18.7) 

Cratered  ellipsoidal  hill 

A 

H86 

(641,  14L) 

Dome  field 

E 

(699,  3L) 

Aligned  hills 

E 

(678,  8.5R) 

Small  domes 

D 

(681,  13.5L) 

Dome  at  crater  intersection 

D 

(682,  19.7L) 

Cratered  hill 

D 

(683,  1.52L) 

Cratered  cone  on  crater  wall 

D 

(699-685) 

Lacus  Somniorum  Dome  Field 

C-A 

H88 

(924,  9L) 

Cratered  hills  in  crater 

D 

(904,  15.5R) 

Cratered  hill  on  crater  wall 

C 

H89 

(0.35,  9.5L) 

Pear-shaped  hill  with  summit  crater 

C 

(046,  14L) 

Domes  in  crater 

D 

(0.39,  7.5L) 

Cratered  cone 

D 

(0.53,  4.5L) 

Cratered  hills  on  crater  wall 

C 

(059,  10.5L) 

Three  aligned  hills 

D 

(063,  2L) 

Hills  on  crater  wall 

D 

(099,  9R) 

Dome  at  crater  intersection 

C 

(074,  5L) 

Domes  on  crater  floor 

C 

H90 

(200,  12R) 

Domes  associated  with  rille 

C 

(215,  14L) 

Domes  in  crater 

D 

H91 

(324,  lOL) 

Dome  Field,  Lacus  Mortis 

B 

(336,  7L) 

Dome  Field,  Lacus  Mortis 

C 

(357,  2L) 

Dome  associated  with  ridge 

B 

(357,  6L) 

Cratered  dome  in  crater 

A 

(349,  5.5L) 

Cratered  cone 

A 

(345,  2L) 

Dome  associated  with  ridge 

C 
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Table  tl  (Continued) 


Location 

Description 

R 

(318.  I9L) 

Cratered  cone  in  crater 

C 

(343,  2.5L) 

Cratered  cone 

B 

(322,  14.2L 

Cratered  cone 

B 

(324,  14.7L) 

Cratered  cone 

C 

(329,  5.2L) 

Pear  shaped  ^ratered  hill 

C 

(338.  8.SL) 

Cratered  cone 

D 

(349.  7L) 

Cratered  cone 

C 

(321.  2L) 

Cratered  cone 

B 

(364.  5.5L) 

Cluster  of  irregular  hills 

E 

H94 

(717.  9.5L) 

Off-center  central  peak 

C 

H9S 

(840. 0.SL) 

Dome  on  crater  wall 

C 

(838.  0.SL) 

Dome  on  crater  wall 

C 

(859.  4L) 

Dome  in  crater  with  fracture 

B 

H96 

(010.  3L) 

Flat  topped  hills 

E 

(014.  2L) 

Cratered  hill  on  crater  wall 

C 

(0.28.  12R) 

Double  crater 

B 

(940.  12L) 

Cratered  cones 

B 

(958-956) 

Dome  Field 

C 

(993.  6L) 

Domes  in  crater,  dome  cratered 

B 

H97 

(99-104) 

Dome  Field 

C 

(127.  4L) 

Mare  dome,  cratered 

D 

(128.  10.5L) 

Cratered  cone 

D 

(155, 18L) 

Domes  in  craters 

C 

(168.  5L) 

Four  domes  in  crater 

D 

H98 

(23. 

Botryoidal  fill 

(266. 9L) 

Dome  in  crater 

B 

(270. 

Dome  in  crater 

KIOI 

(621.  13L) 

Double  crater 

B 

(623.  5.5L) 

Flat  topped  dome  with  summit  sag 

B 

(671.  17L) 

Cratered  central  peak 

C 

HI02 

(762.  18L) 

Dome  field 

C 

(788.  6R) 

Swelling  on  mare  ridge 

B 

(810.  6L) 

Domes  in  crater 

C 

HI03 

(888.  13L) 

Low  hills 

E 

(909,  13L) 

Cratered  hills 

C 

(928.  IIL) 

Cones  to  southeast  of  Cassini 

D 

(953.  IL) 

Three  domes 

D 

H108 

(577.  lOL) 

Oversized  central  peak 

D 

(583.  12.5L) 

Dome  on  wall  of  Arzachel 

C 

H109 

(676) 

Dome  field 

C 

(683.  19R) 

Cratered  dome 

D 

(716) 

Dome  field 

C 

(713.  14.5L) 

Cratered  cone 

C 

(737.  12L) 

Double  crater 

A 

HI  10 

(807.  7L) 

Cratered  cone 

E 

(867.  3L) 

Dome  associated  with  rille 

D 

(821.  2L) 

Cratered  cone 

C 

(808,  1.5L) 

Flat  topped  dome  on  crater  wall 

C 

HII2 

(091,  16R) 

Dome  associated  with  rille 

C 

(092.  HR) 

Domes  on  crater  floor 

C 

(063.  19L) 

Cratered  central  peak 

C 

H113 

(188.  IL) 

Dome  associated  with  rille 

A 
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Table  II  {Continued) 


Location  Description 


R 


(188-193) 

Five  elongated  donees 

(225,  I4L) 

Cratered  cone 

(238,  IIL) 

Dome  on  mare  ridge 

(240.  10.5L) 

Swelling  on  mare  ridge 

(263.  I5L) 

Flat  topped  irregular  dome 

(269.  ID 

Three  domes  on  crater  floor 

HH4 

(317,  lOR) 

Hemispheric  dome 

(317,  7.5R) 

Cratered  cone 

(341.  16L) 

Oversized  central  peak 

(340,  lOL) 

Cratered  dome 

(350,  1.5L) 

Cratered  hill  associated  with  ridge 

(354.  14L) 

Domes  in  Eratosthenes 

(362.  I0.5L) 

Domes  associated  with  ridge 

(366.  3L) 

Oversized  central  peak 

(376.  1.5L) 

Flat  topped  dome 

(405.  13R) 

Irregular  ht'l  with  summit  sag 

Hits 

(464,  8.2L) 

Cratered  cone 

(470.  22.5L) 

Double  crater 

(520.  17.5L) 

Domes  on  mare  ridge 

(507,  18.5R) 

Cratered  cone 

(510.  19.5R) 

Dome  associated  with  ridge 

(472.  6R) 

Cratered  cone 

(471.  21L) 

Cratered  cone 

(468,  16R) 

Cratered  cone 

(471,  5R) 

Cratered  cone 

(461,  6.SL) 

Cratered  cone 

(443,  8.SR) 

Hummocky  terrain 

H116 

(639,  12L) 

Dome  associated  with  ridge 

(641.  19R) 

Cratned  cone 

(604.  12L) 

Dome  cluster 

H119 

(010.  7L) 

Domes  on  floor  of  Tycho 

H120 

(159,  17.5L) 

Swelling  on  mare  ridge 

(101-108) 

Dome  field  in  Fra  Mauro  Fm. 

(111.  15.5L) 

Cratered  cone 

(107,  1.5L) 

Four  cratered  domes 

H121 

(304.  14L) 

Cratered  cone 

(209,  2L) 

Domes  on  floor  of  Copernicus 

(299, 9R) 

Elongated  domes 

(307-318) 

Dome  field 

H122 

(402,  19.5L) 

Dome  on  mare  ridge 

HI24 

(636,  4.SR) 

Cratered  dome  in  double  crater 

(640, 17L) 

Domes  on  crater  floor 

(647,  4.5R) 

Dome  associated  with  rille 

(649.  7L) 

Cratered  hills  and  noncratered  hills 

(t>54, 4.SL) 

Cratered  cone 

H12S 

(836,  3.2L) 

Cratered  cone 

(773,  16R) 

Dome  on  mare  ridge 

(786,  5.5R) 

Cratered  ridge  on  mare  ridge 

(798,  3L) 

Dome  with  summit  rift 

HI26 

(941. 1.6L) 

Cratered  cone 

(942, 0.6L) 

Two  cratered  cones 

(941,  1.8L) 

Cratered  cone 

D 

A 

B 

A 

C 

C 

D 

C 

C 

D 

D 

D 

D 

E 

D 

B 

B 

B 

D 

C 

B 

D 

C 

B 

B 

B 

E 

D 

C 

C 

B 

C 

C 

A 

C 

B 

B 

C 

C 

D 
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Table  II  (Continued) 


Loc  tion 

Description 

(933,  11. 5L/ 

C;  ;tered  cone 

(940,  4L) 

Cratered  rone 

(942, 0.5L) 

Cratered  cone 

(944,  9L) 

Irregular  dome 

HI27 

(044.  lOL) 

Dome  associated  with  mare  ridge 

(017,  HR) 

Swelling  on  mare  ridge 

H130 

(440,  7.8L) 

Cratered  cone  on  crater  rim 

(441,  5.5L) 

Cratered  cone 

(445.  8.4R) 

Chain  of  domes  in  Moretus 

(433,  7R) 

Irregular  domes 

HI3I 

(542,  4.3L) 

Cratered  cone 

HI32 

(686,  27L) 

Small  hemispheric  hill  with  depression 

(693,  17.8L) 

Swelling  at  mare  ridge  intersection 

(741,  13.5L) 

Cratered  cone  at  rille-crater  intersection 

H!33 

(363,  13L) 

Mare  dome,  Milichius  Dome 

(863,  lOL) 

Flat  topped  domes 

(838.  19.5L) 

Six  irregular  hills 

(868-871) 

Hortensius  Domes 

(865,  14L) 

Dome  on  mare  ridge 

(879-888) 

Hummocky  Terrain 

(862,  9L) 

Mare  dome 

H133 

(860,  5L 

Mare  dome 

(854,  13L) 

Mare  dome 

(£71.  1.7L) 

Cratered  cone 

HI34 

(068.  6.8L) 

Dome  on  mare  ridge 

(224,  14L) 

Dome-in-crater  morphology 

HI37 

(383,  2L) 

Domes  *n  Gassendi 

(353,  11. 2R) 

Dome  on  mare  ridge 

(353,  7R) 

Hill  on  mare  ridge 

(353,  15.5R) 

Irregular  dome 

HI  38 

(544,  13.5L) 

Dome  on  mare  ridge 

(513.  7L) 

Three  domes 

(528,  18L) 

Hummocky  Terrain 

HI39 

(598,  2R) 

Oversized  cc:  tral  peak 

H142 

(989,  IIL) 

Ridge  associ  ted  with  rtlle 

(9»5,  13L) 

Dome  associated  with  ridge 

(995,  8L) 

Mare  dome  associated  with  rifle 

(008,  4L) 

Flat  topped  dome 

(012,  5L) 

Cratered  hill,  textured 

(992,  9L) 

Four  aligned  hills 

H143 

(134.  17.5L) 

Four  elongated  domes 

(125-128) 

Crater  rim 

(139,  9.4L) 

Mesa  on  mare  ridge 

(140,  lOL) 

Flat  topped  hills  forming  circuLr  pattern 

(255 

Harbinger  Mountains 

HI45 

(488,  ID 

Domes  in  moat  of  double  crater 

(444,  7D 

Gruthuisen  domes 

(443,  24.5D 

Domes  on  mare  ridge 

(445,  12.7D 

Domes  on  mare  ridge 

(387.  7D 

Flat  topped  domes 

H148 

(784 

Domes  in  crater 

(773 

Textured  dome 

R 


A 

D 

D 

D 

A 

o 

B 

B 

B 

B 

A 

B 

A 

A 

C 

A 

A 

C 

C 

D 
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Tuble  II  {Cotainued) 


Locaticm 

E>escnption 

HI49 

(966,  ISL) 

Dome  in  Mersenius 

(992,  lO.SL) 

Flat  topped  domes  in  crater 

HISO 

(044 

Aristarchus  Plateau 

(077 

Marius  Hills 

HlSl 

(164,  8.SL) 

Double  crater 

(I6S,  7L) 

Elongated  hill 

(166,  I9L) 

Flat  topped  hill 

(230, 21 L) 

Domes  associated  with  riUe 

(232,  13.2L) 

Cratered  cone 

(224,  4L) 

Mare  dome 

(164,  7.6L) 

Double  crater 

(164,  16L) 

Double  crater 

(I6S,  9.SL) 

Dome  in  crater 

HIS4 

(S98,  12.3L) 

Crater  with  summit  sag 

HISS 

(697,  6.SK) 

Flat  topped  hill 

(7S8,  I9.8R) 

Elongat^  dome 

(692, 0.7R) 

Dome  in  rille 

H1S6 

(836,  SL) 

Botryoidal  (ill 

(837,  ISL) 

Swelling  on  mare  ridge 

(860,  ISR) 

Swelling  on  mare  ridge 

(862,  I2R) 

Irregular  hill 

(872,  I3L) 

Dome  associated  with  ridge 

/891,  HR) 

Cratered  cone 

H1S7 

(999,  8.2R) 

Cratered  cone 

(998,  S.3R) 

Cratered  cone 

(999,  4L) 

Cratered  cone 

HISS 

(090,  3L) 

Three  hills  associated  with  ridge 

(100,  4.SL) 

Irregufar  hill 

(131, 17L) 

Mairan  T,  Cratered  cone 

(1S6,  7L) 

Elongated  cones 

(127,  9.SL) 

Textured  dome 

H160 

(419,  11 L) 

Two  cratered  cones 

(363,  12L) 

Irregular  Hills 

(363,  IS.SR 

Cratered  hills 

(3S6,  13.SR) 

Irregular  hills 

(406,  21 L) 

Flat-topped  bill 

H161 

(S04,  13.4L) 

Flat-topped  cratered  hill 

(S41,  6L) 

Dome  on  floor  of  rille 

(497,  17L> 

Domes  on  crater  wall 

(497,  9L) 

Dome  on  crater  wall 

(488,  ICL) 

Hills  on  crater  rim 

(48S. 

Hummocky  terrain 

H162 

(690,  7L) 

Cratered  cone 

(679,  6L) 

Domes  in  Cavalerius 

(667,  7R) 

Mare  dome 

(660,  7.SR) 

Mare  dome 

(663, 0.SR) 

Mare  dome 

H163 

(760,  1S.4L) 

Cratered  hill 

(763,  4.8L) 

Swelling  at  crater  inters^  ction 

(768,  19.SL) 

Botryoidal  fill 

(789. 

RQmker  Hills 

(808,  1S.SL) 

Mare  dome 

345 


co>eBomo9noBBBwooc0nnDOfflnmo>>woo>>>owoooBDnoBBooww>»»>ooo>>oo 


Table  It  (Contmued) 


Location 

Description 

R 

(798.  I9.3L) 

Mare  doir^e 

B 

HI6S 

(072.  6L) 

Six  cratered  cones 

B 

(066»  IIL) 

Textured  domes  in  crater 

C 

(067.  3L) 

Hummocky  terrain 

D 

(010.  I3.SL) 

Flat-topped  dome 

c 

(Oil.  I7L) 

Flat-topped  domes 

c 

HI66 

(148.  8.SL) 

Cratered  dome 

o 

(148.  I3L) 

Cratered  cone  on  crater  rim 

c 

HI67 

(279.  I0.5L) 

Domes  within  crater 

D 

(299.  8L) 

Flat-topped  domes  in  crater 

C 

HI68 

(426,  I0.SL) 

Aligned  hills 

D 

(423.  6L) 

Dome  on  crater  floor 

D 

(409.  8R) 

Flat-topped  hill 

D 

(406. 16.SR) 

Domes  in  crater 

D 

H169 

(595.  12.5L) 

Cratered  cone  associated  with  rille 

B 

(584.  13.5R) 

Domes  in  crater 

D 

(573.  5L) 

Domes  floor  of  Kraft 

c 

H174 

(237.  I5.7R) 

Large  cratered  cone 

B 

(205.  13.5L) 

Dome  on  crater  wall 

c 

H175 

(379,  16L) 

Mare  dome 

B 

(378.  20L) 

Aligned  hills 

c 

H176 

(505.  lOL) 

Dontes  in  Pythagoras 

B 

(506. 14L) 

Dome  in  Pythagoras 

B 

(491.  IIL) 

Dome  in  crater 

B 

H177 

(624. 19.5L) 

Flat  dome 

C 

(740  I3L) 

Latge  dome  in  crater 

C 

HI78 

(762,  15L) 

Dome  at  intersection  of  rille  and  crater 

B 

H179 

(899.  8L) 

Cratered  hill 

D 

(890,  7.5L) 

Hill  at  crater  intersection 

E 

(888,  lOL) 

Dome  on  crater  wall 

C 

H18I 

(118.  I9L) 

Cratered  domes 

C 

(154. 4L) 

Flat-topped  domes 

A 

(167,  7.5) 

Dome  in  crater 

B 

H182 

(238,  9.5R) 

Five  aligned  domes 

B 

(267,  7L) 

Domes  in  crater 

C 

<765.  !7L) 

Domes  in  crater 

C 

(285.  3.5L) 

Hill  at  rille  intersection 

D 

(282.  5L) 

Cratered  cone  on  ridge 

B 

(305.  14.5L) 

Domes  in  crater 

B 

HI83 

(423, 0.5L) 

Dome  in  crater 

D 

^422,  I.3L) 

Cratered  cone 

B 

(416, 6.5L) 

Double  crater 

C 

(385,  IIL) 

Domes  in  crater 

O 

(409,  7L) 

Cratered  dome 

B 

(420,  1 .5L) 

Textured  dome 

A 

(433,  I3L) 

Botryoidal  fill 

B 

(446,  I4.5L) 

Aligned  domes  in  crater 

C 

H184 

(549,  5R) 

Central  peak  Petavius 

C 

H186 

(759,  5R) 

Domes  in  crater 

B 

(770,  22L) 

Domes  in  crater 

B 

(806, 15L) 

Domes  in  crater 

B 

(838,  I6L) 

Domes  on  mare  ridge 

C 
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TiU>le  it  {Continued) 


Location 

Descrip^*  'v 

R 

H187 

(928.  22L) 

Domes  in  crater 

D 

(938.  7L) 

Mart  dome 

C 

(938,  8L) 

Mare  dome 

C 

(943.  5L) 

Mare  dome 

c 

(951.  9L) 

Cratered  domes 

B 

H188 

(051.  17L) 

Domes  in  Einstein 

B 

HI89 

(203.  2I.5L) 

Double  crater 

B 

(211.  24L) 

Textured  hill 

D 

(154.  I4JL) 

Botryoidai  fill 

C 

H191 

(456.  I0.5L 

Flat-dome  in  crater 

c 

(460. 4.5L) 

Flat-topped  dome  in  crater 

c 

HI92 

(555.  9.5L) 

Cratered  cone 

c 

(556,  IIL) 

Cratered  cone 

c 

(572.  15L) 

Dome  in  crater 

c 

(579.  I7L) 

Domes  in  Geminus 

c 

HI93 

(718,  12L) 

Domes  in  crater 

c 

H195 

(978.  I5L) 

Domes  in  crater 

c 

(999,  14L) 

Dome  and  flow,  Mare  Orientale 

A 

(002.  13L) 
Orbiter  V 

Layered  mare  dome 

A 

H6 

(295.  I4L) 

Dome  at  crater  intersection 

D 

HIS 

(869.  I4R) 

Dome  in  crater 

D 

H20 

(122,  8.4L) 

Cratered  cone 

c 

M40 

Domes  on  floor  of  Stevinus 

C 

M43 

(304,  10.5L) 

Domes  in  crater 

E 

M65 

(189,  11.5L) 

Domes  on  mare  ridge 

B 

(180.  13L) 

Dome  in  crater 

B 

(187.  IIL) 

Dome  in  crater 

C 

H79 

(811.4.3L) 

Cratered  cone 

C 

HI03 

(944,  21 L) 

Two  double  craters 

C 

HISl 

(252,  18L) 

Cratered  cone 

B 

(250.  17L) 

Hill  associated  with  rille 

C 

MIS2 

Domes  on  floor  of  Copernicus 

A 

MI77 

(901,  12L) 

Domes  on  mare  ridge 

B 

MI79 

(147,  8L) 

Dome  at  rille  intersection 

C 

(154,  26L) 

Dome  in  crater 

C 

MI83 

(451.  18L) 

Three  domes  in  crater 

C 

M201 

Domes  on  floor  of  Kepler 

A 

origin  of  sinuous  rilies  is  controversial;  but  their  origin  is  probably  related  to  an 
endogenic  process  (Greeley,  1970;  Schumm,  1970)  and  dark  halo  craters  have  been 
interpreted  as  volcanic  features  (Kuiper  et  ai,  1966).  The  association  and  similar 
distribution  of  domes,  sinuous  rilies  and  dark  halo  craters  suggests  that  they  have  a 
similar  origin  (all  are  related  to  endogenic  processes). 

(3)  Domes  are  rarely  found  in  the  central  portions  of  the  circular  basins  (for 
example,  Mare  Imbrium  and  Kumorum). 

(4)  Domes  are  in  general  concentrically  arranged  about  circular  basins.  Few  domes 
are  related  to  radial  sculpture.  This  suggests  that  concentric  patterns  may  be  related 
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to  deep-seated  fractures  which  are  in  places  controlled  by  the  lunar  tectonic  grid  (see 
point  S).  Radial  sculpture,  on  the  other  hand  seems  to  represent  a surhcial  layer  with 
no  deep-seated  connections.  Hartmann  and  Wood  (1971)  reached  a similar  conclu- 
sion by  observing  that  radial  structure  is  obscured  faster  than  concentric  structure  as 
a basin  ages.  This  occurs  because  radial  systems  are  primarily  surhcial,  of  low  relief 
and  easily  blanketed  by  ejecta  and  regolith  whereas  concentric  systems  have  greater 
relief  and  possibly  deep-seated  structural  control,  and  as  a result  retain  topographic 
relief  longer  (Hartmann  and  Wood,  1971). 

(5)  Domes  are  locally  controlled  by  the  lunar  grid  (Strom,  1964).  Domes  are  on 
mare  ridges  and  rilles  elongated  in  a grid  direction;  in  several  places  domes  themselves 
are  aligned  in  a grid  direction  and  in  places  location  may  be  controlled  by  grid  inter- 
sections. Grid  control  around  basins  may  be  secondary,  that  is  grid  lineaments  were 
present  before  the  formation  of  the  basins  and  were  subsequently  rejuvenated  or 
activated  by  basin  formation.  With  more  data,  concentric  patterns  about  basins  may 
resolve  into  grid  directions.  For  example,  concentric  mare  ridge  patterns  in  Mare 
Imbrium  can  be  resolved  into  segments  controlled  by  the  lunar  grid  (Elston  et  al.,  1971). 

(6)  Dome  formation  spans  a wide  range  of  lunar  time.  Presently  observed  domes  are 
associated  with  old  mare  materials  in  Mare  Smythii  and  Tsiolkovsky  and  are  on  the 
floors  of  young  craters  such  as  Tycho  and  Copernicus.  Domes  were  probably  not 
formed  during  one  great  lunar  effusive  event,  but  each  dome-forming  episode  is  proba- 
bly related  to  the  formation  of  individual  craters  and  mare  basins  and  to  basin-filling 
episodes.  Activity  in  areas  where  domes  are  located  may  be  continuing  to  the  present 
as  seen  by  the  close  correlation  between  dome  distribution  and  the  distribution  of 
lunar  transient  events.  Middlehurst  (1967)  concluded  that  lunar  transient  events 
occur  (a)  near  the  border  of  the  maria  especially  about  Marc  Imbrium,  Seren- 
itatis,  Crisium  and  Humorum;  (b)  associated  with  ray  craters  (e.g.,  Tycho, 
Copernicus,  Aristarchus  and  Kepler);  (c)  in  ring  craters  with  dark  mare  or 
partially  dark  floors  (e.g.,  Plato,  Grimaldi  and  Alphonsus).  Transient  lunar  events 
have  not  been  reported  from  the  central  parts  of  the  circular  basins.  Transient  events 
therefore  occur  in  the  same  general  areas  as  domes,  rilles  and  dark  halo  craters. 
Middlehurst  and  Moore  (1967)  previously  recognized  the  correlation  of  sites  of  lunar 
events  with  the  distribution  of  dark  halo  craters.  Moore  (1971)  added  313  additional 
events  to  Middlehurst’s  list  of  400;  however  these  additional  data  do  not  change  the 
distribution.  This  correlation  does  not  necessarily  infer  that  domes,  sinuous  rilles  and 
dark  halo  craters  are  presently  active;  however  one  may  speculate  that  the  areas 
where  these  features  occur  are  the  sites  of  recent  activity;  perhaps  in  the  form  of  iso- 
lated gas  discharges. 

(7)  Domes  are  not  restricted  to  the  equatorial  areas  of  the  Moon  or  maria  as 
sug_ested  by  Arthur  (1962)  Baldwin  (1963)  Brungart  (1964)  and  others.  This  illusion 
was  due  to  the  fact  that  on  Earth-based  photographs  domes  were  more  easily  observed 
on  the  maria  and  the  fact  that  more  mare  material  is  present  near  the  equator  than 
elsewhere  on  the  Moon’s  Earth-side. 

(8)  Dome  distribution  does  not  correlate  well  with  gravimetric  and  acceleration 
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data  (Muller  and  Sjorgen,  1968),  deviation  from  the  best  fitting  ellipsoid  (Runcorn 
and  Shrubshall,  1968)  or  infrared  thermal  anomalies  (Shorthill  and  Saari,  1966). 
Domes  are  on  the  margins  of  basins  with  gravity  highs  of  60  mgals.  Other  than  this, 
no  other  agreement  between  dome  distribution  and  gravimetric  data  is  obvious.  A poor 
correlation  exists  between  dome  distribution  and  deviation  from  a best  fitting  ellipsoid 
(Runcorn  and  Shrubshall,  1968).  Domes  are  on  highs  (positive  deviations  from  the 
ellipsoid)  in  Oceanus  Procellarum,  Sinus  Medii  and  Mare  Tranquillitatis;  otherwise 
no  obvious  correlation  is  observed.  The  alignment  of  the  Rumker  Hills,  Aristarchus 
Plateau  and  Marius  Hills  along  the  axis  of  the  Oceanus  Procellarum  on  a O.S-I.S  km 
bulge  has  been  suggested  as  evidence  that  the  area  overlies  an  up-welling  convection 
cell  (McCauley,  1967).  The  distribution  of  domes  does  not  correspond  to  locations  of 
infrared  thermal  anomalies  other  than  the  fact  that  fresh  craters  which  contain  domes 
may  be  hot  spots  and  vice  versa. 

(9)  Domes  at  times  group  into  volcanic  complexes;  for  example  the  Rumker  Hills, 
Aristarchus  Plateau  and  Marius  Hills.  In  these  complexes,  domes  are  conr.monly 
i ssociated  with  flows,  rilles  and  dark  halo  craters. 

6.  Conclusions 

This  paper  presents  criteria  for  the  identification  of  lunar  domes  based  on  modification, 
location  and  morphology  and  shows: 

(1)  Many  terrestrial  volcanic  extrusive  domes  are  similar  in  morphology  to  some 
lunar  domes.  This  analogy  suggests  that  extrusive  volcanic  domes  are  indeed  present 
on  the  Moon. 

(2)  Over  400  domes  are  present  on  the  lunar  surface,  and  are  interpreted  as  having 
formed  by  endogenic  processes. 

(3)  Many  domes  and  other  endogenic  features  on  Figure  17  are  related  to  basins 
and  craters,  and  not  to  any  observable  moonwide  pattern.  Local  control  by  the 
tectonic  grid  is,  however,  an  exception.  Domes  are  not  uniquely  found  on  maria. 

(4)  Activity  in  areas  where  domes  are  located  may  be  continuing  in  the  form  of  gas 
emissions  to  the  present  as  revealed  by  the  correlation  of  dome  distribution  with 
reported  transient  lunar  events. 

(5)  The  rock  type  and  chemistry  of  domes  is  difficult  to  ascertain  from  study  of 
Orbiter  photographs.  Earlier  workers  (McCauley,  1967,  for  example)  assumed  that 
low  mare-type  domes  were  basaltic  and  that  lunar  domes  with  steeper  slopes  and 
textured  surfaces  were  formed  by  intermediate  and  felsic  rocks.  Even  though  this 
relationship  may  be  true  in  some  instances,  a general  rule  can  not  be  applied.  For 
example,  on  Earth  both  basalts  and  rhyolites  form  broad  shields  and  both  form  cone- 
shaped  extrusions  with  slope  angles  on  the  flanks  between  30-35°  (Smith,  1970). 
Many  domes  are  composed  entirely  of  debris  or  mantled  by  rubble  which  stands  at  or 
near  the  angle  of  repose  and  controls  the  outward  appearance  of  the  dome.  In  these, 
morphology  is  essemially  independent  of  composition.  Too  many  variables  exist  there- 
fore to  make  suggestions  about  dome  rock  type  based  on  photogeologic  studies  alone. 
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Abstract.  The  Marius  Hills  region,  a volcanic  plateau  in  Oceanus  Proceilarum,  contains  numerous 
rilles,  rille-like  structures,  and  chains  of  elongate  craters.  Most  of  these  structures  characteristically: 
(1)  originate  on  or  near  irregular  shaped  craters  associated  with  features  previously  interpre.ed  as 
volcanic  domes.  (2)  trend  downslope  onto  Plateau  Plains,  (3)  generally  taper  in  width  and  become 
shallower.  (4)  are  often  discountinuous.  (5)  occupy  the  center,  or  apparent  crest  of  a broad  ridge,  (6) 
may  contain  cut-off  branches  and  distributary  structures,  and  (7)  may  have  local  reversals  in  longi- 
tudinal slope.  Structures  having  these  characteristics  are  interpreted  to  be  lava  channels  or  partly 
collapsed  lava  tubes.  Terrestrial  lava  tubes  form  exclusively,  and  commonly,  in  fluid  basalt  flows. 
Recent  evidence  indicates  that  viscosities  of  lunar  mare  'basalt*  lava  flows  were  conducive  for  lava 
tube  formation. 

Terrestrial  analogs  are  offered  for  structures  described  in  the  Marius  Hills.  The  analogs  are  com- 
parable in  qualitative  and  quantitative  geomorphic  aspects,  excluding  that  of  width.  Scaling  consider- 
ation of  lunar  reduced  gravity  accounts  for  increased  width  of  the  lunar  structures.  Linear  and 
curvilinear  rilles  trending  along  equal  elevations  are  interpreted  to  result  from  fracturing  or  faulting. 


1.  Introduction 

This  paper  presents  quantitative  and  qualitative  geomorphic  evidence  for  the  existence 
of  lava  channels  and  partly  collapsed  lava  tubes  in  the  Lunar  Marius  Hills  region. 
Analogs  are  offered  as  terrestrial  counterparts  to  the  lunar  structures  described. 

Marius  Hills  is  one  of  several  lunar  areas  of  inferred  igneous  and  volcanic  activ- 
ity. McCauley  (1 965)  described  the  area  as  a southward-dipping  volcanic  plateau 
comprising  about  35  000  km^  in  the  middle  of  Oceanus  Proceilarum  (Figures  1 and  2). 
McCauley  later  (1967)  proposed  the  Marius  Group  as  new  rock  unit  and  assigned  it  to 
the  Eratosthenian  System.  He  described  the  area  as  a smooth  undulating  region  of  low, 
uniform  albedo  with  prominent  ridges,  scarps,  and  local  plateaus.  Two  types  of  domes 
(the  Marius  ‘hills’)  were  described  (Figure  2):  low  domes  with  convex  profiles  and  gen- 
tle slopes  (2-3  degrees),  and  steep  domes  with  steep  concave  slopes  (6-7  degrees). 
Steep  domes  are  often  situated  on  low  domes  and  both  types  may  be  elongate  in  a 
NNE-SSW  orientation  and  have  small  summit  pits.  McCauley  attributed  the  difference 
between  the  two  dome  types  as  possibly  resulting  from  magmatic  differentiation,  with 
low  domes  as  mafic  and  steep  domes  as  intermediate  to  felsic.  He  also  considered  the 
possibility  that  they  resulted  from  different  eruptive  processes  with  lavas  of  the  same 
composition. 

Because  the  region  offers  a variety  of  inferred  volcanic  structures,  Marius  Hills  is 
considered  a prime  Apollo  landing  site.  Karlstrom  ei  al.  (1968)  and  Elston  et  al.  (1969) 
presented  detailed  exploration  plans  for  about  75  km^  of  the  Marius  Hills  region 
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Locatton  of  the  Marius  Hills  region  and  outline  of  area  eovered  by  Lunar  Orbiier  5 photO' 
graphy,  MR  franacs  210-216. 


(Figures  2 and  7).  They  described  doines  of  several  lypes.  ridges,  endogenous  craiers. 
exogenous  craters,  and  rilles,  and  proposed  that  many  of  these  structures  bo  visited, 
examined,  photographed  and  sampled  by  the  astronauts.  Although  they  discussed 
possible  rock  lype.s  in  ihe  area  and  interpreted  many  of  the  structures,  the  rilles  were 
somewhat  neglected,  though  two  rilles  were  proposed  as  primary  investigation  sta- 
tions. Bccau.se  rilles  are  promt nent  .struct ure.s  in  the  Marius  Hills  and  other  Umar 
areas  and  some  rilles  may  be  visited  and  .sampled  waihin  the  next  few  years,  an  imder- 
siandingof  'ilic  morphol  igy  and  consideration  of  their  origin  arc  signMtcam  to  lunar 
geology. 


Fig.  2.  Part  of  Marius  Hiils  showing  rillcs  and  described  areas.  Craters  described  or  shown  on 
Figure  3 arc  identified  by  numbers.  Location  of  cross  scvtions  {Figure  4)  arc  indicated  by  letter. 

Photograph  from  LO  5 frame  MR-213. 


2.  Rille  Descriptions 

Lunar  rillcs  can  be  separated  morphologically  into  at  least  three  types:  linear  rilles, 
sinuous  rillcs,  and  lightly  meandering  rilles.  Linear  rilles  are  generally  large  (often 
tens  of  kilometers  long  and  more  than  5 km  wide)  and  appear  to  be  controlled  by 
deep- sealed  si  rue  lures  that  cut  across  crater  rims,  mare  and  highland  areas.  Some 
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linear  rilles,  however,  are  much  smaller  and  may  represent  small  faults,  fractures,  or 
fissures.  Large  linear  rilles  are  probably  analogous  to  terrestrial  grabens.  In  contrast, 
sinuous  rilles  appear  to  be  topographically  controlled  and  generally  trend  around 
topographic  highs.  Sinuous  rilles  range  in  size  from  less  than  a few  kilometers  long  and 
less  than  a hundred  meters  wide  to  structures  exceeding  tens  of  kilometers  long. 
Tightly  meandering  rilles  are  charcaterized  by  their  extreme  sinuosity  and  often  re- 
semble old  age  fluvial  channels.  The  three  types  may  grade  one  into  another  (particu- 
larly linear  and  sinuous  rilles)  and  there  appear  to  be  numberous  sub-types,  each  with 
a distinctive  morphology.  It  is  likely  that  there  are  several  different  modes  of  origin, 
each  producing  different  types  of  rilles. 

A.  DESCRIPTIVE  TECHNIQUE 

1.  Sinuosity 

Meandering  is  a salient  characteristic  of  sinuous  rilles.  Leopold  and  Wolman  (1960) 
described  a quantitative  means  of  comparing  sinuosity  of  individual  channels: 

S.  =al\L 

where  5,  = sinuosity,  a — arc  length  and  L = meander  or  wave  length  for  individual 
segments  of  a channel.  Thus,  a straight  segment  would  have  a sinuosity  of  one.  Over- 
all sinuosity  of  a channel  from  end  to  end  may  be  defined  as: 

S2=djd^ 

where  S2  = overall  sinuosity,  t/j  = straight-line  distance  and  d2  course-line  distance, 
end  to  end.  A straight  channe*  would  have  an  overall  sinuosity  of  one. 

2.  Cross  Sections 

Cross  sections  perpendicular  to  the  channel  axis  and  longitudinal  profiles  aid  in  des- 
cribing rilles.  Most  lunar  areas  lack  topographic  control  suitable  for  detailed  cross 
sections.  However,  the  Army  Topographic  Command  (TOPOCOM)  has  performed 
preliminary  photogrammetry  for  the  Marius  Hills  from  stereoscopically  overlapping 
Lunar  Orbiter  5 photographs.  The  cross  sections  presented  in  Figures  4 and  5 were 
prepared  from  TOPOCOM  data.  Errors  in  elevation,  attributable  to  photographic  re- 
solution and  inherent  uncertainties  in  spaceciift  parameters,  range  from  ± 126  m to 
±162m  in  the  area  considered.  A manuscript  topographic  map  (contour  interval, 
200  m)  prepared  by  TOPOCOM  was  employed  for  regional  topography.  TOPOCOM 
data  was  supplemented  by  height  determinations  from  shadow  measurements  on 
steep  slopes. 

3.  Crater  Circularity 

Murray  and  Guest  (1970)  showed  that  circularity  of  craters  may  give  an  indication  of 
endogeneticorexogenetic  origin  for  craters  and  described  several  techniques  for  deter- 
mining circularity.  They  noted  that  terrestrial  impact  structures  and  explosion  craters 
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Fig.  3.  Circularity  index  (after  Murray  and  Guest,  1970)  for  terrestrial  impact  and  volcanic  craters 
compared  with  craters  in  the  Marius  Hills.  Circularity  index  of  1.9  generally  separates  internally  and 
externally  produced  craters.  Data  for  some  terrestrial  craters  from  Murray  and  Guest  (1970).  Crater 
identification:  1-10,  Marius  Hills  (identified  in  Figure  2):  1 1,  head  of  Rille  A;  12,  head  of  Rille  B; 
13,  head  of  Rille  C;  14,  summit  crater.  Fissure  Cone  1 ; 15,  summit  crater.  Fissure  Cone  2;  16,  Mauna 
Loa;  17,  Kilauea;  18,  Menengai,  Kenya:  19,  Makaopuhi;  20,  Deep  Crater,  Calif.,  21,  Alae;  22, 
Haiemaumau ; 23,  Mammoth  Crater,  Calif. ; 24,  Pauialua ; 25,  Modoc  Crater,  Calif, ; 26.  Giant  Crater, 
Calif.;  27,  New  Quebec,  Canad  ''3,  Brent,  Canada;  29,  Holleford,  Canada;  30,  Meteorite,  Arizona; 

31,  Wolf  Creek,  Australia. 


are  more  circular  (lower  circularity  index)  than  terrestrial  endogenous  craters.  Circu- 
larity indexes  (Method  Cl,  Murray  and  Guest,  1970,  p.  149-150)  were  obtained  for  the 
large  craters  in  the  area,  including  craters  associated  with,  or  at  the  head  of,  sinuous 
rilles.  Circularity  values  are  shown  in  Figure  3 for  Marius  Hills  craters  and  terrestrial 
craters.  Of  the  terrestrial  examples,  all  craters  with  a circularity  index  above  2 are 
endogenetic. 

Crater  circularities  are  not  considered  definitive  in  separating  impact  craters  from 
endogenous  craters.  Some  impact  craters  produced  in  the  laboratory  by  projectiles 
fired  into  targets  at  oblique  angles  are  noticeably  noncircular  (personal  communica- 
tion, D.  E.  Gault).  However,  when  considered  with  other  factors,  circularity  may  aid 
in  determining  crater  origin. 
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4.  Photographic  Coverage 

Lunar  orbiter  S provided  photographic  coverage  of  the  Marius  Hill  region  with  8 ste- 
reoscopically  overlapping  Medium  Resolution  Frames  (MR  210-216)  at  a scale  of 
about  1 : 2020(X)  (ground  resolution  '^2.5  m).  Sun  angle  at  time  of  exposure,  about 
15.2''  above  the  horizon,  is  rather  low  and  many  interior  crater  and  rille  stiuctures  are 
in  shadow.  The  photographs  are  slightly  oblique  with  the  camera  axis  tilted  about  10° 
from  the  nadir;  however,  this  amount  is  negligible  in  determining  crater  circularities. 

B.  RILLE  A 

This  rille  (Figure  2),  the  longest  channel  in  the  area  (Table  I),  originates  in  an  irregu- 

TABLE I 

Rille  dimensions  and  characteristics 


Rille 

Length 

km 

Width,  m 
Max. 

Min. 

Depth 

ave. 

m 

Sinuosity 

5i(ave.)52 

Gradient 

A,  total 

48.0 

1400 

560 

56 

1.21 

1.17 

0°38' 

A,  upper 

35.7 

1400 

750 

80 

1.21 

1.42 

0“29' 

A,  lower 

12.3 

980 

560 

29 

- 

1.08 

1*08' 

B,  total 

36  0 

665 

66 

35 

1.16 

1.28 

0*32' 

B,  upper 

6.8 

665 

415 

95 

- 

1.02 

1*10' 

B,  lower 

29.2 

450 

66 

3:7 

1.16 

1.17 

0*25' 

C 

12.5 

895 

187 

46 

- 

1.04 

1*30' 

C-1 

6.3 

146 

83 

11 

- 

1.32 

- 

D 

4.1 

171 

- 

15 

1.09 

1.15 

- 

E 

0.8 

40 

- 

5 

- 

- 

- 

F 

2.6 

160 

140 

17 

1.26 

1.22 

— 

iC«f  R SICTIOM 

waaiR  sicTiON 

lUT 

UCtiOM  CM1 


I 
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Fig.  4.  Topographic  profile  along  axes  of  Rilles  A and  B;  vertical  exaggeration  X3.S.  Topographic 
control  from  unpuolished  TOPOCOM  data  and  from  photographic  detail  (±126  to  162  m). 
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lar,  2 kni  in  diameter  crater  (circularity  index  = 2.59)  formed  in  Plateau  Plains  lava 
flows  adjacent  to  a lew  dome  (McCauley,  1968)  on  the  east  side  of  a prominent  wriekle 
ridge.  Rille  A passes  through  the  ridge,  trends  westward  downslope  with  the  regional 
dip  of  the  Marius  Hills  Plateau  and  terminates  indistinctly  in  the  mare  plains.  The 
terminal  end  of  the  channel  is  less  than  hah  the  width  of  the  channel  at  the  source. 
Rille  A can  be  divided  into  two  parts,  an  upper  sinuous  section  and  a lower  linear  sec- 
tion. 

In  profile  (Figure  4),  the  rille  maintains  about  the  same  ele^'ation  as  it  passes  through 
the  wrinkle  ridge.  West  of  the  ridge  (Station  I),  the  rille  is  partly  buried  by  ejecta 
from  Crater  I (circularity  index,  1.49)  interpreted  to  be  impact  (McCauley,  1968). 
There  is  a slight  depression  about  4 km  long  in  the  Poor,  about  midway  down  the  rille 
(Station  2).  The  depression  coincides  with  a segment  of  the  channel  that  is  sub-perpen- 
dicular to  the  regional  topographic  slope.  At  Station  3,  the  channel  makes  a 98°  turn 
to  the  south  and  continues  downslope  1 5 km  in  a fairly  straight  course  comprising  the 
lower  section.  Overall  slope  along  the  rille  floor  is  4.3  m km“‘(0°I5');  overall  slope 
along  the  channel  rim  is  11  m km"*(0°38'). 


RiLLE  "a" 


RILLE V 


0 Skin 

1 l-L  L i i 

horizontal  scale 

VERTICAL  EXAOGERATION  » 3L5 


WEST 

tfl  (000  r 

I jOO  - ' 
^ 0 - 
A “ 


RILLE 


EAST 

nIOOO 


500  I 


S 

1 


WEST 


RILLE 


EAST 
-1 1000 


500  I 


--|0' 


WEST  OOME 

» 1000  I 

500 
0 
E 


RILLE 


EAST  WEST 


RILLE 

WEST  EAST 
BRANCH  BRANCi 


P ^ 

- 

E'  C 

; 

EAST 
(000 

500 
0 
c' 


jg 

1 


Fig.  S.  Transverse  cross  sections  for  Rilles  A and  B,  showing  rille  on  or  nea*^  a ridge  crest  and  devel* 
opment  of  levees  near  the  rille  source.  Topographic  control  from  unpublished  TOPOCOM  data  (ac- 
curacy ‘ 1 26  to  162  m)  photographic  detail  (rille  depths  determined  from  shadow  rno.-surements),  and 

from  McCauley  (1968,  section  D-D'). 


Figure  5 shows  cross  sections  perpendicular  to  the  channel  axis,  constructed  from 
photogrammetically  derived  elevations  (TOPOCOM,  and  McCauley,  1968).  Near  the 
source  (section  D-D'),  the  channel  is  rather  deep  and  has  protrinen*  levels  along  both 
sides.  Downchannel  at  the  next  cross  section  (E-E'),  the  rille  is  centered  on  a ridge  and 
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the  channel  floor  is  well  above  the  general  ground  level.  The  rille  floor  is  flat  along  most 
of  the  course.  However,  the  upper  section  from  the  source  through  the  w rinkle  ridge  has 
a more  “V  shaped  cross  section,  probably  resulting  from  slumping  of  the  higher  char>nel 
walls. 

C.  RILLE  B 

Rille  B is  the  second  largest  rille  in  the  area  (Table  I)  and  as  with  Rille  A.  originaUb  in 
Plateau  Plains  lava  flows  on  the  east  side  of  the  wrinkie  ridge,  skirts  around  (or  crosses) 
the  ridge,  then  trends  northwest.  The  rille  can  be  divided  into  two  parts,  an  upper  sec- 
tion on  the  east  sid«  ''"the  ridge  and  a lower  section  to  the  west  of  the  ridge.  The  upper 
section  is  fairly  sti^.^nt,  wide,  and  appears  to  originate  in  an  elongate  cleft.  The  cleft 
has  an  irregular,  hummocky  floor  and  a prominent  rim  on  the  southeast  side. 

In  profile  (Figure  4)  the  floor  of  Rille  B does  not  maintain  the  same  elevation  at  the 
juncture  with  the  ridge;  rather,  it  appear^  to  ride  up  and  over  the  ridge.  This  may  be 
due.  in  part,  to  slumping  of  the  end  o.  the  ridge  into  the  rille.  Station  I marks  a shallow 
depression  in  the  rille  floor,  upslope  fror~  the  ridge.  As  the  rille  crosses  the  ridge,  the 
channel  turns  abruptly  northwest  into  the  lower  section.  The  lower  section  of  the  rille 
is  slightly  narrower  than  the  upper  section  and  is  locally  more  meandering  (s,  = 1.30. 
maximum).  Station  2 marks  two  elongate  craters  in  the  rille  floor  that  may  be  of  en- 
dogenetic  origin.  .At  Station  3 the  channel  displays  a small  cut-oflf  channel  about  1 .6  km 
long  on  the  northeast  side  of  the  main  channel.  The  subsidiary  channei  is  about  half 
the  width  of  the  main  channel  and  is  on  a higher  elevation.  The  lower  section  of  Rille  B 
trends  generally  downslope  to  Station  4 within  7 km  of  its  apparent  terminus.  Here, 
the  slope  reverses  and  the  rille  occupies  a low  dome.  At  this  same  point,  the  rille  divides 
into  at  least  two  small  (about  180  m wide)  channels.  East  Branch  and  West  Branch, 
both  of  which  become  discontinuous  and  fade  into  the  mare  plains. 

In  cross  section  (Figure  5)  many  segments  of  Rille  B occupy  ridge  crests  or  have 
latera'  >evees,  similar  to  Rille  A.  In  the  upper  section  near  the  apparent  source-cleft  the 
rille  has  prominent  levees  (secticn  A-A').  Below  the  ridge  the  rdle  is  centered  on  a 
broad  topographic  high  (section  B-  B').  Near  the  terminus  East  Branch  and  West 
Branch  cross  a low  dome  (section  C-C'). 

Walls  along  Rille  A and  Rille  B have  slumped  over  the  chanrel  floor . Sections  of  the 
walls  exhibit  boulders  up  to  40  m in  diameter  that  have  weauiered  from  their  appar- 
ent outcrop  source  very  near  the  surface. 

D.  RILLE  C AREA 

This  area  (Figure  6)  contains  at  least  five  distinct  structures:  (1)  a combinatio.  'inuous 
rille  - elongate  crater  chain  (Rille  C)  (2)  an  inferred  impact  crater,  (3)  a prominent 
steep  dome  superposed  on  a low  dome,  (4)  a small  sinuous  rille,  and  (5)  a small  linear 
rille. 

Rille  C originates  in  an  irregular  shaped  crater  (circulrrity  index  = 3.76),  about 
1.66  km  in  diameter  on  the  southeast  flank  of  a cratered  dome  complex.  There  is  no 
indication  of  a raised  rim  on  the  southeast  .,ide  of  the  crater  (the  rest  of  the  crater  rim 
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imcK'cpi> other  sKiiciurcs)  and  ihc  interior  nm  ha^  a 'ircc  I ark'  teviure  possibly  iCMst- 
nin_i  troin  >otl  efcep.  Ihc  crater  is  simienhai  hummuckv  and  has  normal.  rt>tmd 
boiiomcd  craters.  One  cxcepnon  js  a 235  m m diameter  Uargcst  crater  on  the  tloor) 
runncL  or  dmtp!c  shaped  crater  m the  north'Acst  quadrant  i>rihe  tloor  near  the  rim. 
Botildcrs  up  to  8 in  in  diameter  ha\e  apparent Iv  \\ea»hcrcd  troni  she  main  crater  rim 
and  rolled  i^>  the  bv>uom  of  the  dimple  crater. 


Ftg.  Riite  C area.  C rater  2 tcircUbr((\  index.  interpreted  to  he  impact  origin j and  its  cjccta 
co^ei  Rdlcs  C'  and  ( -1:  4(KK^  m contom  hne  tTom  lOtMX  t>M  nianuseript  map.  The  upper  part  oT 
RiJJc  r . i>rigjna»'ng  in  Source  Oatcr  (circulamy  index  is  const de red  a lava  channel  i compare 

iauK  J igurc  i4j,  Hdoxv  i1k'  ejecta  Harkcl  of  C riicr  2.  Hille  C is  considered  to  he  a eoha|>scd  fav;t 
tube.  Rille  <'*t  rs  dtsconunuous  aiW»  is  a Isti  considered  to  he  a col!ap>cd  lax  a tube*  posvihlx  a Jjsiri* 
huiary  structure  for  the  mam  rii/e.  I’hoiogFaph  from  LO  5 ficime  MR-214_ 


Rthc  ('  leads  soiitlnccsi  1.45  km  and  is  blocked  h\  ejccla  IV<>m  Crater  2.  mtcrpretcd  to 
he  impact  (circukirilv  index.  S,3Xh  Thrs  section  of  the  rille  is  S3  m wide.  33  m deep,  and 
has  a Hat  floor  pocked  vvrtit  craters  up  to  31  m in  diameter. 


Southwest  of  the  impact  crater,  the  Rille  C structure  continues  as  a series  of  elongate 
craters,  identified  A through  G beginning  nearest  the  ejecta.  Crater  A has  a prominent 
fracture  cxicnding  along  its  southern  rim  forming  a 100  meter- wide  block  that  may 
have  slumped  toward  the  crater. 

A 334  m in  diameter  crater  (G).  12.5  km  from  the  apparent  source,  is  the  last  struc- 
ture considered  part  of  the  rille  system.  The  rille  system  may  continue  southwestward 
through  a few  elongate  craters  an  additional  14,5  km  to  a 300  m wide  sinuous  rille. 
Although  this  small  rille  is  on  the  same  general  trend  as  Rille  C,  there  is  not  sufficient 
surface  evidence  to  warrant  its  connection  with  Rille  C. 

Crater  2 is  3. 1 2 km  in  diameter,  at  least  505  m deep,  and  has  rims  about  200  m above 
ground  level.  Continuous  ejecta  extends  at  least  940  m radially  from  the  rim  and  there 
are  no  distxmible  ray  elements.  Ejecta  fills  part  of  the  upper  part  of  Rille  C and  part 
ofa  smaller  rille  (Rille  C-t)  which  may  be  genetically  related  to  Rille  C.  Unfortunately, 
thecratercoverstheareaof  possible  junction.  Rille  C- 1 is  6.25  km  long,  averages  125  m 
in  width  and  is  about  II.3  m deep.  U is  discontinuous  and,  like  other  rilles  in  the 
Marius  Hills,  ends  by  fading  out  on  the  mare  surface. 

The  f mrth  structure  in  the  area  is  the  dome  associated  with  the  source  crater  of 
Rille  C.  McCauley  (1968)  describoJ  the  dome  as  a cor  pound  structure  composed  of  a 
low  dome  and  superpK>sed  steep  dome.  The  structure  is  subciicular,  about  4.5  km  in 
diameter, and  has  craters  up  to  270  m in  diameter  on  the  surfat%.  Some  craters  on  the 
dome  appear  to  be  funnel  or  dimple  shaped;  however,  shadows  prevent  conclusive 
determinations  of  the  morphology. 

Crosscutting  Rille  C and  the  dome  is  a small  linear  rille.  The  rille  is  paraletl  to  the 
major  ridge  system  in  the  Marius  Hills  and  preliminary  topographic  determinations 
indicate  that  the  rille  is  nearly  horizontal  (paralleling  the  4000  m contour  line.  Figure 
6).  The  linear  rille  consists  of  two  parts,  a northern  section  3.9  km  long  x 41 5 m wide 
(maximum)  x 34  m deep  (maximum)  and  a southern  section  9.6  km  long  x 520  m 
wide  (maximum)  x 38  m dttp.  The  northern  section  is  composed  of  subcircular 
craters,  some  of  which  are  connected  by  fractures.  The  structure  intersects  the  sout- 
hern rim  of  Rille  C crater,  apparently  passes  without  surface  expression  across  the 
crater  floor  and  northern  rim,  and  interacts  the  steqj  dome.  The  southern  section  is 
better  defined  than  the  northern  section  and  is  comprised  of  deep  elongate  craters  and 
clefts  connected  by  fractures.  At  the  southern  terminus,  the  rille  hooks  toward  the 
southwest  in  a large,  deep  (96m)  elongate  crater. 

E.  PROPOSED  APOLLO  SITE 

The  proposed  landing  site  (Figure  7)  is  north  of  Rille  B on  relatively  smooth  Plateau 
Plains  ma rerial  interpreted  to  be  lava  flows  and  (or)  pyroclastics  in  a small,  NNW- 
SSE  trending  basin  situated  between  domes  (McCauley,  1968).  The  domes  bounding 
the  basin  to  the  west  were  described  by  McCauley  (1968)  as  fissure  or  punctured  cones 
and  interpr«ed  to  be  pyroclastic  deposits  surrounding  structurally  controlled  vents. 
There  are  at  least  three  rilles  in  *he  general  area,  two  of  which  (Rilies  D and  E)  are 
scheduled  as  investigation  stations  (Elston  et  ai,  1969). 
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Fjg.  7.  Pn^pOMiii  Apuilu  l:i filling  site.  Rjlle  1>  is  mierpreteJ  lo  l>e  citlicr  n lavu  tube  or  lava  duinnd ; 
RiNc  H is  ainsickrcil  to  lie  a rnKturv  or  lissurc;  Rilic  F rs  imcrprcicd  to  K'  a nearly  complcidy 
eollapsciJ  lava  iuhc\  probably  originating  iVom  Fissure  Cone  2 Icumpare  with  Figure  16)>  PhokvTaph 

from  LO  5 Iramcs  HR -2 1 6 ami  2 1 7. 


Rille  D marks  the  contact  between  McCauley's  (1968)  Plateau  Plains  unit  and  the 
low  dome  on  which  Fissure  Cone  1 is  situated.  The  rille  is  at  least  4.07  km  long  and 
171m  wide.  In  cross  section  the  rille  is  broadly  rounded  without  a well  defined  wall- 
floor  contact.  Depth  appears  to  be  variable  and  is  difficult  to  determine  because  the 
walls  are  not  steep  enough  to  cast  sharp  shadows.  In  one  area,  however,  the  rille 
appears  to  be  about  15  m deep.  Although  the  exact  rille  termini  are  not  readily  ap- 
parent, the  west  end  is  at  a higher  elevation  than  the  east  end  and  is  about  halfway 
between  Fissure  Cone  1 and  a she'low  1.21  ...a  in  diameter  crater. 

Fissure  Cone  1 is  about  2.6  km  long  x 1.85  km  wide  and  has  an  irregularly  shaped 
summit  depression  about  1 170  m long  x 650  m wide  x 85  m deep  (maximum).  The 
north  end  of  the  crater  has  a low  rim  with  a broad  depression  trending  from  it  north 
500  m before  hooking  toward  the  northeast. 

Rille  E was  described  by  McCauley  (1968)  as  a ‘subdued  trough  or  rille-like  depres- 
sion'. Similar  to  Rille  D,  it  is  on  the  dome-Plateau  Plains  contact  and  is  scheduled  as 
an  Apo'.i’o  investigation  station.  The  rille  is  790  m long  x 39.5  m wide  x about  5 m 
deep.  It  is  composed  of  three  fairly  linear  or  curvilinear  segments  meeting  at  angles, 
and  doec  "Ot  have  the  usual  appearance  of  a smoothly  meandering  sinuous  rille.  The 
miHHie  of  the  rille  is  a^  a lower  elevation  than  the  ends. 

About  400  m northeast  of  Rille  E is  a series  of  NNW-SSE  trending  fractures.  The 
fractures  are  about  2 m wide  and  are  in  discontinuous,  en  echelon  sections,  with  the 
longest  section  about  1.8  km.  Although  McCauley  (1968)  described  these  structures 
as  sinuous  rilles,  the  linear,  en  echelon  character  of  the  structure  is  not  typical  for 
sinuous  rilles. 

Fissure  Cone  2 is  in  the  southern  sector  of  the  proposed  landing  site.  It  is  1.6  km 
wide  X 3.4  km  long  and  has  a central  linear  depression  with  a depth  exceeding  135  m 
in  the  deepest  area.  The  south  end  of  the  depression  has  a very  low  rim  leading  toward 
(but  separated  from)  Rille  F by  a gentle  topographic  swale  about  240  m long.  Interior 
and  exterior  walls  of  Fissure  Cones  1 and  2 are  steep  and  exhibit  ‘tree  bark’  textures. 

Rille  F is  a sinuous  structure  about  2.6  km  long  x 160  m wide  x 17  m deep,  leading 
downslope  away  from  Fissure  Cone  2.  It  tapers  to  about  104  m and  becomes  shal- 
lower toward  the  south  where  the  rille  ends  nearly  perpendicular  to  a wrinkle  ridge. 
The  wall-floor  contact  is  better  defined  than  in  Rille  D and  the  floor  in  places  is  wide 
and  flat 

3.  Terrestrial  Analogs  Compared  with  Lunar  Features 

Several  hypotheses  on  the  formation  of  lunar  sinuous  rilles  have  been  proposed  in  the 
last  several  years.  Oberbeck  et  al.  (1969)  discussed  some  of  the  various  proposals  and 
presented  evidence  that  at  least  some  sinuous  rilles  result  from  collapse  of  lunar  lava 
tubes;  possible  formation  by  other  mechanisms,  particularly  that  by  I„. a channel 
formation,  were  not  excluded.  Morphological  similarities  between  certain  lunar  rilles 
or  rille-like  structures  and  terrestrial  lava  tubes  and  channels  are  supported  by  recent 
evidence  on  the  estimated  viscosity  and  composition  of  lunar  mare  material.  Apollo 
1 1 and  12  mare  samples  closely  resemble  terrestrial  basalt  (Hess  and  Ca!i^,  1969:  and 
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LSPET,  1970).  Laboratory  simulation  of  molten  lunar  lavas  by  Murase  and 
McBirney  ( 1970)  indicated  that  viscosity  is  an  order  of  magnitude  less  than  the  closest 
terrestrial  counterpart  and  on  this  basis,  predicted  the  probable  existence  of  many 
large,  long  lunar  lava  tubes.  Lava  tubes  from  exclusively  and  comruonly  in  basalt  lava 
flows  and  it  is  reasonable  to  assume  that  tubes  have  formed  in  lunar  basalt.  Under 
multiple  impacts  at  least  some  lunar  lava  tube  roofs  would  collapse,  resulting  in  sinu- 
ous trenches  similar  to  collapsed  terrestrial  lava  tubes. 

A.  lava  tube  and  channel  formation 

Observations  of  active  basalt  lava  flows  (Jagger,  1947;  Finch  and  Macdonald,  1953) 
and  held  investigations  of  solidified  basalt  flows  and  lava  tubes  (Ollier  and  Brown, 
1965;  and  Greeley  and  Hyde,  1970)  permit  speculation  on  lava  tube  and  channel  for- 
mation (Greeley,  in  press). 

Lava  tubes  form  in  fluid  basalt  flows  that  have  cooled  on  the  surface  (forming  a 
crust)  with  flow  of  fluid  lava  continuing  beneath  the  crust.  As  cooling  progresses,  flow 
is  restricted  to  a conduit-shaped  structure  within  the  flow.  Toward  the  flow  front,  the 
conduit  subdivides  into  smaller,  multiple  distributaries  termed  feeder  tubes  that  lead 
molten  material  to  the  advancing  flow  front.  As  the  supply  of  molten  lava  from  the 
vent  diminishes,  the  molten  lava  drains  from  beneath  the  free-standing  crust  and 
leaves  a hollow  void,  or  lava  tube.  Most  feeder  tubes  do  not  drain,  or  are  sealed  with 
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along  the  tube  axis. 
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lava  from  subsequent  flows.  Some  terrestrial  lava  tubes  exceed  25  km  in  length  and 
30  m uncollapsed  diameter. 

Lava  lubes  occur  on  slopes  ranging  from  less  than  0.4^  to  more  than  6.5’.  Basalt 
flows  as  long  as  48  km  with  an  overall  slope  of  0.6 1 m km  ~ * (less  than  0.1’)  are  known 
to  contain  lava  tubes  (1881  Lava  Flow,  Mauna  Loa  containing  the  Kaumana  Lava 
Tube).  In  contrast,  channels  appear  to  form  on  slopes  over  a much  wider  range  and 
develop  in  both  viscous  (aa)  basalt  and  fluid  (pahoehoe)  basalt.  Major  lava  tubes,  in 
contrast,  form  only  in  laminar,  fluid  flows,  possibly  through  shear  plane  development 
(Ollier  and  Brown,  1965).  If  flow  velocity  is  high  (as  on  steep  slopes)  or  the  flow  is  too 
viscous  (aa  basalt),  then  the  flow  may  become  turbulent,  losing  the  shear  planes,  and 
open  channels  may  form  instead  of  lava  tubes.  Channels  may  also  form  as  a result  of 
drainage  of  molten  lava  from  beneath  the  crust  before  the  crust  has  cooled  and  solid- 
ified to  a thickness  sufficient  to  support  its  weight.  The  width  of  the  channel  may  also 
exceed  the  maximum  span  attainable  by  a free  standing  basalt  roof.  In  either  case,  the 
cooled  or  partly  cooled  roof  collapses  as  the  supporting  fluid  drains.  This  type  of  col- 
lapse often  occurs  in  terrestrial  structures  and  may  result  in  sinuous  channels  with 
smooth  sides  or  as  a series  of  elongate  drainage  craters  (Greeley,  1970).  Thus,  channels 
may  develope  in  preference  over  tubes  when  (1)  the  gradient  is  steep,  (2)  the  lava  is 
viscous  (precise  limiting  viscosities  are  not  known),  or  (3)  the  crust  over  the  molten 
lava  is  not  free  standing  after  drainage  of  the  lava.  The  distinction  between  the  tubes 
and  channels  can.  thus,  be  made  in  regard  to  the  crust  : if  the  roof  is  free  standing  after 
drainage  of  molten  lava,  the  structure  is  a tube;  if  the  crust  only  partly  develops,  or 
collapses  during  drainage,  the  structure  is  a channel.  Some  structures  alternate  from 
tube  to  channel  to  tube,  etc. 

Active  lava  flows  containing  tubes  and  channels  with  surface  crusts  are  closed  hy- 
drostatic systems.  As  an  aovancing  flow  encounters  a topographic  obstruction,  such 
as  a ridge,  the  flow  may  ride  up  and  over  the  obstru'  ion ; the  contained  tube  or  chan- 

PRINCE  ALBERT  CAVE,  WASHINGTON 


/ 


Fig.  9.  Diagram  of  uncollapsed  part  of  Prince  Albert  Cave  (lava  tube)  in  Skamania  Co.,  Wash., 

illustrating  cut  off  branches. 
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vated considerably  higher  than  the  surrounding  ground  level.  This  condiliot 
from  accretion  oflava  that  spills  over  the  hank  ol  llie  channel.  Mulliple  surges 


or  individtia)  f^ow  units  may  spread  laterally  from  the  main  channel  through  distribu- 
tary channels  or  lube:  (Greeley,  1969).  Multiple  eruptions  may  continue  to  elevate  the 
channel  and  adjacent  area  by  accretion.  Tubes  and  possibly  channels  may  also  be 
erosive  structures.  A lava  tube  in  southwest  Washington  shows  areas  in  which  the  lava 
tube  and  flow  apparently  undercut  the  pre-flow  valley  wall  (Greeley  and  Hyde,  1970), 

Lava  tubes  and  channels  form  cut-off  branches  along  the  main  structure,  as  illus- 
trated in  Figure  9.  Cut-offs  may  be  at  higher,  lower,  or  the  same  level  as  the  main 
structure.  Collapse  of  the  roof  results  in  an  'island'  surrounds)  by  lava  trenches.  As 
collapse  progressed,  large  blocks  parallel  to  the  tube  axes  may  break  away  from  the 
wall  and  slump  into  the  collapsed  tube  (Figure  10). 

Width  of  lava  tubes  may  be  fairly  constant  throughout  their  course  (Hambonc  Lava 
Tube,  Siskiyou  Co.,  Calif.)  or  may  be  variable.  The  trench  resulting  from  lava  tube 
roof  collapse  usually  reflects  the  original  configuration  of  the  tube.  Lava  channels,  on 
the  other  hand,  are  generally  fairly  constant  in  width;  however,  they  may  become 
progressively  shallower. 

B.  RILLE  A 

Riile  A originates  in  a crater  lacking  raised  rims  and  ejecta  and  that  has  a high  circu- 
larity index,  all  indications  of  interna)  origin.  Riile  rims  near  the  source  (Figure  5) 
form  prominent  levees.  Downslope  the  riile  occupies  the  crest  of  a ridge  at  least  200  m 
above  the  surrounding  terrain,  h is  unreasonable  to  assume  that  the  riile  eroded  its 
channel  along  the  center  of  the  ridge  by  fluvial  or  nu^  ardent  mechanisms.  Levees  and 
ridges  are  considered  constructional  features  of  the  riile,  analogous  to  structures  for- 
med in  association  with  lava  channels.  Although  it  may  be  argued  that  small  levees 
can  result  from  fluvial  processes,  an  origin  by  water  does  not  explain  the  large  ridge 
underlying  the  axis  of  Riile  B,  reversals  in  slope  along  the  channel  floor  (Figure  4), 
absence  of  tributaries,  or  tapering  of  channel  width  toward  the  terminus. 

Morphologically,  Riile  A is  identical  to  many  lava  channels  and  collapsed  lava 
tubes.  Its  great  width  probably  exceeds  that  of  a free  standing  Java  tube  roof,  even 
under  lunar  conditions  (Oberbcck  et  at.,  1969).  Lava  channels,  however,  are  not  res- 
tricted in  width.  Formation  of  a thin  crust  during  active  flow  permits  hydrostatic  flow 
conditions  and  allows  the  structure  to  cross  topographic  highs.  The  ridge  appears  lo- 
wer a!  the  junction  with  Riile  A and  the  riile  possibly  passed  through  a gap,  overriding 
small  tope  graph':  obstructions.  Contemporaneously,  lateral  channels  and  tubes  dis- 
tribute accrctionai  lava  to  form  levees  and  to  elevate  the  overall  structure.  Length  of 
Riile  A is  comparable  to  terrestrial  basalt  flows  containing  tubes  and  channels.  Slope 
along  Riile  A is  similar  to  that  of  terrestrial  basalt  flows  (Riile  A =0'’3r.  Horse  Cave 
System,  Oregon  =0”28'  [Greeley,  in  press]). 

Although  quantitative  and  qualitative  morphologic  evidence  and  compositional 
evidence  sirongiy  support  origin  by  lava  channel  formation,  other  mechanisms  cannot 
be  entirely  excluded.  The  lower  part  of  the  riile  consists  of  fairly  straight  segments 
which  meet  at  rather  sharp  angles  rather  than  forming  meandering  bends,  and  the 
riile  floor  is  flat,  suggestive  of  linear  rilles  and  possible  formation  by  block  faulting. 
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The  upper  seel  ion  ol'lhisnile.consisungoran  clongiucdcri  andeiirvilincurrille.  appears 
lo  be  si ruetii rally  euntrolied  and  may  be  analogous  lo  a iissurc,  i igure  1 1 illaslratcs 
part  of  the  Southwesl  Rib  Zone  of  Mauna  Loa  and  the  associated  basalt  llows  and 
channels  controlled  by  the  rill.  The  lower  part  of  Rilie  B is  meandering,  occupies  u 
ridge  crest,  has  an  irregular  lloor.  a cui-on  branch  ai  a higher  elevation  than  the  mtiin 


l-'ig,  11.  Southwest  Rift  Zone.  Mauna  l.oa.  liawaii.  I'he  rift  (.-M  has  eoniroiled  the  course  of  the 

lava  channel  (B). 


trench,  crosses  a low  dome,  and  has  terminal  distributary  clianncls.  These  structures 
arc  best  explained  as  pans  of  a collapsed  lava  tube  netvsork.  Tlie  irregular  floor  and 
discontinuous  channel  (between  Stations  2 and  max  represent  piles  of  collapsed 
blocks  and  uncollapsed  sections  of  a lava  tube  roof  of  variable  thickness,  similar  lo 
that  ol  Arnold  Lava  Tube.  Oregon  (Greeley,  in  press).  The  cut-olV  branch  til  Station  3. 
occupying  a higher  elevation  than  the  main  irencli  is  typical  for  cut-o1T  subsidiary 
litva  lubes  (Figure  .At  the  western  terminus  of  Rillc  B,  the  branching  and  disconti- 
nuous smaller  channels  are  analogous  lo  feeder  tubes  and  distributary  channels  fre- 
quently found  in  lava  tubes  (Figure  12).  I'lic  lower  scclion  of  Rilie  B,  ihereforc.  is 
interpreted  as  a nearly  completely  collapsed  lunar  lava  lube.  The  upper  scclion  may 
represent  a fissure  zone  and  (or)  lava  channel. 


Fig.  1 2.  Diagram  of  a small  distributary  lava  tube  system  leading  from  a larger  lava  channeMube. 
Distributary  systems  deposit  lava  along  major  channels  and  tubes  thus  elevating  the  system, 


D.  RILLE  C AREA 

Rille  C is  a classic  example  of  a partly  collapsed  lava  tube.  Unfortunately,  precise 
topographic  control  is  no^  available  for  detailed  quantitative  geomorphic  analysis. 
However,  preliminary  topography  and  qualitative  geomorphology  provide  ample 
evidence  for  its  interpretation.  Comparisons  can  be  made  with  Giant  Crater,  Modoc 
Crater,  and  Mammoth  Crater  Lava  Tubes,  Northern  California  {Figures  13  and  14). 
Like  these  three  structures,  Rille  C originates  in  an  irregular  crater  (high  circularity 
index.  Figure  3)  indicative  of  internal  origin.  The  source  craters  of  all  the  structures 
are  situated  in  upland  areas  associated  with  domes  (pyroclastic  cones  and  lava  flow 
domes  for  terrestrial  examples,  ‘extrusive  structures’  of  McCauley  [1968],  for  Rille  C). 
Rille  C crater  has  on  its  floor  prominent  funnel-shaped  crater  suggestive  of  drainage 
to  the  subsurface.  Similarly,  Giant  Crater  has  internal  craters  (Figure  13)  which  resul- 
ted from  subsidence  and  withdrawal  of  the  magma  (Anderson,  1941,  p.  381).  The 
upper  channel  leading  from  the  source  crater  of  Rille  C is  probably  similar  to  the  elon- 
gate trough  leading  from  Giant  Crater.  Both  structures  have  flat  floors  and  probably 
did  not  have  free  standing  roofs;  thus,  the  upper  sections  are  considered  lava  channels. 

Giant  Crater  tube  passes  through  a series  of  elongate  collapsed  sections  separated 
by  nearly  solid  sections  oflayered  and  multiple  basalt  flows.  Some  solid  sections  have 
small,  multiple  lava  tubtis  connecting  the  large  collapse  depressions,  this  configura- 
tion probably  resulted  from  sporadic  eruptions  of  flow  and  intermittant  drainage  of 
the  lube.  The  lower  end  of  Rille  C also  consists  of  a series  of  elongate  depressions. 


Because 

the  impact 

of  Crater  2 probably  generated  a strong  seismii 

: wave 

it  is  reaso- 
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Fig.  13.  Aerial  photograph  of  Giant  Crater  and  Lava  Tube,  Siskiyou  Co.,  Calif.  The  upper  part  of 
the  system,  near  the  source  crater,  may  not  have  had  a free-standing  roof  after  drainage  of  the  fluid 
lava,  and  this  may  be  considered  u lava  channel.  The  lower  part  of  the  tube  is  composed  of  collapse 
depressions  separated  by  relatively  solid  masses  of  basalt.  Giant  Crater  has  several  interior  craters 
which  resulted  from  collapse  and  drainage  of  fluids  back  down  t'  vent, 

nable  to  assume  that  a lava  tube  roof  within  one  crater  diameter  would  be  completely 
collapsed.  However,  this  part  of  the  rille  is  considered  analogous  to  Giant  Crater  tube, 
with  intermittant  solid  sections.  Degradation  of  the  rille  is  shown  by  the  large  slump 
block  on  the  first  depression.  This  structure  is  similar  to  collapse  blocks  common  in 
many  lava  tubes  (Figure  10), 

The  largest  collapse  depression  of  Rille  C is  about  420  m wide,  or  about  3 times 
wider  than  the  widest  known  collapsed  lava  tube  on  earth  (Bear  Trap  Lava  Tube, 
Idaho).  Oberbeck,  et  a/.  (1969)  demonstrated  that  reduced  lunar  gravity  would  permit 
collapsed  lunar  tubes  up  to  500  to  1000  m wide,  depending  upon  lateral  slumping. 
Rille  C width  is  well  within  this  range.  Overall  length  of  the  rille,  12.5  km,  and  esti- 
mated slope  of  1.5°  are  analogous  to  many  terrestrial  lava  tubes. 

Rille  C-1  leading  from  Rille  C tapers  and  becomes  slightly  shallower  toward  its 
lower  end.  It  is  discontinuous  and  interrupted  in  at  least  three  places  (Figure  6).  Rille 
C-1  is  interpreted  to  be  a distributary  lava  tube  associated  with  the  main  rille.  Unfor- 
tunately, Crater  2 is  superposed  over  Rille  C at  the  juncture  of  the  channel,  collapsed 
tube,  and  the  distributary  channel,  and  it  is  impossible  to  determine  the  relationships 
between  the  structures.  Although  ejecta  from  the  crater  has  altered  the  pre-impact 
topography,  preliminary  topography  from  a manuscript  topographic  map  of  the 
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Fig,  14,  Mammoth  Crater  and  Lava  Tube,  Lava  Beds  Naiiona?  Monument 

, Calif,  The  lava  tube 

can  be  traced  through  a series  of  collapse  depressions.  Like  GiarU  Crater  i 

and  Tube,  Mammoth 

Crater  is  adjacent  to  pyroclastic  cones  and  domes. 

of  F Hie  C (see  the 

Manus  Hills  (TOPOCOM)  indicates  a slight  rim  tlong  both  sides 
dOOO  m f!r»nrniir  line.  Fie  lire  5Y. 

The  cross-cutting  relationship  of  the  linear  rille  to  the  mare,  Rille  C,  and  the  dome 

indicates  that  it  is  younger  than  these  features  and  is  structurally  controlled.  Because 
the  structure  is  nearly  horizontal  (parallel  to  the  4400  m contour  line)  it  is  unlikely 
that  it  resulted  from  fluid  flow.  It  is  interpreted  to  be  a fault,  or  fault  block,  through 
which  fragmental  surface  material  has  drained  tr  form  elongate  craters. 

E.  APOLLO  LANDING  SITE 

This  area  contains  structures  interpreted  to  be  lava  tubes  and  channels.  Rilles  D and  F 
originate  in  or  near  cratered  domes  interpreted  to  be  pyroclastic  structures  which  are 
situated  on  low  domes  possibly  representing  flows  or  laccolithic  structures  (McCauley, 
1968).  These  structures  are  analogous  to  Hawaiian  shield  volcanoes  with  superposed 
pyroclastic  domes  having  common  vents  (Stearns,  1966,  p.  45).  Associated  with  the 
Hawaiian  structures  are  fluid  basalt  flows  containing  lava  tubes  and  channels.  In  other 
areas,  pyroclastic  cones  are  built  from  essentially  the  same  vent  as  source  craters  for 
tubes  and  channels.  Examples  include  Bandera  Crater  and  lava  tube,  New  Mexico 
and  Deep  Crater  and  tube,  California.  Deep  Crater  (Figure  15)  is  considered  analogous 
to  the  Assure  cone  and  Rille  F in  the  Apollo  site. 

It  is  difficult  to  determine  whether  Rilles  D and  F are  collapsed  lava  tubes  or  are 
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lava  channels.  The  depth  of  Rille  E is  fairly  constant  and  the  rille  is  coi.  ' lous;  thus 
it  may  not  have  been  roofed.  Riltc  F.  on  the  other  hand,  is  discontinuous  and  may 
represent  uncoHapsed.  or  sealed  parts  of  a lava  tube. 

Rille  E.  composed  of  three  linear  sections,  appears  to  traverse  a slight  valley,  with 
each  end  at  a higher  elevation  than  the  middle.  Rille  E and  the  en  echelon  linear  de- 
pressions to  the  north  and  northeast  are  interpreted  to  be  faults,  fractures,  or  fissures. 

4.  Summary  aud  Concliisioits 

The  Marius  Hil;.-  region  has  been  previously  descrioed  as  a volcanic  province  exhibi- 
ting many  common  volcanic  structures.  The  mare  area  (Plateau  Plain  material  of 
McCauley,  1%8)  is  considered  composed  of  volcanic  flows  and  inierbedded  pyro- 
clastics.  Results  from  Apollo  II.  Apollo  12  and  Surveyors  5 and  6 indicate  .he  marc 
rocks  are  similar  to  basalts.  From  viscosjv  determinations  of  postulated  lunar  lavas. 
Murase  and  McBirney  (1970)  predicted  the  existence  of  many  long  lunar  lava  tubes. 
Lava  tubes  and  channels  are  common  features  of  terrestrial  basalt  flows  and  it  is  rea- 
sonable to  assume  that  lunar  lava  tubes  and  channels  e.xist.  Under  prolonged  impact, 
many  of  the  tube  roofs  would  collapse,  leaving  sinuous  trenches.  The  softening  effect 
of  impact  would  smooth  surface  irregularities  in  the  trenches  and  channels. 

Thus  far,  no  lunar  mission  has  yielded  photographs  showing  structures  that  can  be 
conclusively  described  as  lunar  cave  entrances,  although  Kuiper  (1965)  posed  some 
possible  examples.  Although  to  some  v.orkers.  this  is  a criticism  against  the  existence 
of  lunar  lava  tubes,  there  are  three  points  to  consider:  First,  terrestrial  lava  tube  en- 
trances generally  are  not  visible  in  aerial  photographs.  For  example.  Figure  16  shows 
a collapsed  *ava  tube  and  entrance  to  the  uncollapseU  interior  taken  under  various 
conditions.  Figure  It  is  a conventional  vertical  photograph  taken  at  an  altitude  of 
30000  ft  with  vertical  illumination;  ground  resolution  is  37  cm.  Figure  16b  is  the  same 
area,  taken  from  an  altitude  of  24(X)0  ft,  with  the  Sun  18“  above  the  horizon  (similar 
to  Lunar  Orbiter  lighting  conditions)  and  a ground  resolution  of  29  cm.  Finally,  Fi- 
gure 16c  is  an  oblique  aerial  view,  taken  200  ft  above  ground,  under  good  lighting 
conditions.  Lunar  Orbiter  pictures,  in  contrast,  are  made  at  altitudes  of  about  370000  ft 
(Marius  Hills  Site)  producing  photographs  with  ground  resolution  of  2.5  m (Ma- 
rius Hills  photographs).  If  cave  entrances  do  not  show  (or  seldom  show)  in  terrestrial 
photographs,  it  ts  unlikely  that  they  will  be  visible  in  spacecraft  photographs.  Lava 
tubes  generally  begin  to  collapse  where  the  roof  Is  ihinest,  and  where  the  tube  tends  to 
rise  toward  the  surface.  Collapsed  roof  sections  often  block  or  nearly  block  the  en- 
trance. Thus,  lava  tube  entrances  are  considerably  smaller  than  the  uncoilapsed  inte- 
rior. In  aerial  photographs  the  entrances  are  usually  lost  in  shadow,  too  small  to  be 
clearly  distinguishable,  or  appear  as  irreg  . >r  shadows. 

Second,  in  many  ctscs  uncollapsed  le  n i.  es  are  intenniltamly  blocked  completely 
by  collapse  and  surface  detritus.  The  tube  continues  through  a scries  of  disconnected 
collapse  depressions,  none  of  which  display  cave  entrances. 

Third,  if  most  marc  areas  are  as  old  as  Apollo  1 1 and  12  indicate,  then  lava  tubes 
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I Aerial  pfmu>iiraph'i  uf  parj  of  La^a  Tuix'  and  Skull  C ;nc  entrance  funcollapscd 

UihccxccenN  2^  m in  diameter),  i.a^a  Bed^  National  Mumimcni,  Calik  Series  iMuN*ralc>  the  diHkidty 
in  detecting  cave  cmranccs  from  ihc  :nr:  Hxi-verucat  phoioyraph,  veniad  illumimUion.  gioimd 
resolution  .'"cm  IViun  almiidc  ta'  MHKK)ri:  lf>b-\crtical  photograph,  ohimuc  illumination  tSun 
approvimatch  I"  aht^\c  ht^ri/on,  sinnlar  lo  l.unar  (Arbiter  phorograph>  i.  ground  resolution  2^  cm 
at  altifiidc  of  approximatcK  24tM)t)ri:  Ibt-obhquc  aerial  photograph,  obhquc  illumination,  from 
altitude  of  about  2<MHL  Only  in  the  last  photograph,  under  conditior  supenor  to  present  lunar 

there  anv  indication  of  cave  entraJicc, 


miagerv 


.ind  ciuimicK  would  He  Mgnilicuntly  degraded.  All  but  the  deepcsl  tubes  would  be 


lapsed,  thus  reducing  the  number  o\'  tube,  or  ca\e.  entrances. 

Ail  the  st  rue  ut  res  in  the  M.tnus  HilK  inter  preted  to  be  ia\a  tubes  or  channels  origi- 
ic  in  u^pographicalK  high  areas,  often  iti  or  near  McCauley's  Meep'  or  low'  domes 
d often  in  irregular  shaped  crmcr>.  I he  rtllcs  then  trend  down  slope  into  the  plateau 


branch  at  a dUTerent 


lermimis.  SirucUires 


h topographic  conirol  is  available  arc  slunsn 
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crest  of  a topographic  high,  or  to  have  pronounced  levees.  The  rille  floor  is  well  above 
general  ground  level,  ind  cating  the  structures  were  aggradational. 

Rilles  C,  F,  and  part  of  B are  discontinuous  and  interpreted  to  be  collapsed  lava 
tubes.  Because  of  its  width  and  continuous  channel,  Rille  A is  considered  to  be  a lava 
channel.  It  is  considered  to  have  passed  through  the  wrinkle  ridge  at  a relatively  low 
region  and  have  carried  over  topographic  obstructions.  Rille  D is  also  continuous,  but 
is  in  a size  class  attainable  by  lava  tubes.  Its  origin,  whether  lava  tube  or  lava  channel, 
is  not  determined.  Some  of  the  rilles,  particularly  Rille  B,  appear  to  have  been  struc- 
turally controlled  by  fissures  and  fractures. 

Rille  E and  the  linear  rille  near  Rille  C because  they  are  straight,  cut  across  other 
structures,  and  do  not  trend  downslope,  are  considered  to  be  faults,  fractures,  or  fis- 
sures. They  may  have  been  modified  by  slumping  and  drainage  of  surface  material 
into  the  subsurface. 

Although  the  lines  of  evidence  presented  here  in  support  of  origin  by  lava  tube  and 
channel  formation  can  be  applied  to  similar  lunar  structures  in  other  areas,  particular- 
ly in  regions  of  suspected  volcanic  activity,  it  is  not  suggested  that  all  sinuous  rilles 
have  formed  by  this  mechanism.  As  stated  previously,  there  appear  to  be  many  sub- 
types of  sinuous  rilles,  each  of  which  may  have  formed  in  a different  way.  It  is  also 
conceivable  that  different  mechanisms  could  produce  similar  appearing  structures. 
However,  in  the  Marius  Hills,  most  of  the  rilles  appear  to  have  resulted  from  lava  flow 
activity. 
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I.  INTRODUCTION 


During  fhe  ApoiJo  missions,  gcuplusical  were  di^^pluycil  on  the  lunar  surface 

tlig.  I > and  in  orbit  around  the  Moon  to  study  geoph\  sieal  propcrlies  of  the  Moon's  interior  and  its 
near  environment,  in  this  section  a simiman  will  he  prc>ented  eoneernin^^^  some  of  the  nndir,gs  of 
these  geophysical  experiments.  Thougli  several  experiinents  have  yuLlded  extremely  interesting 
results  concern ing  e.  "raiunar  properties,  empluhis  in  this  report  will  be  placed  on  the  experimental 
results  pertaining  to  the  liin^ir  interior  and  atmosphere.  Results  will  be  presented  for  the  following 
cxpenmenls-  passive  and  active  >eismomettTs;  magnetometers:  lieaf  How  expennient;  laser 
ultimeten  gamma  ray.  X-ruy,  and  alpha-partide  experiments:  and  mass  spectrometer  experiments. 


/.  (h'^tphysicui  LWpcrimvttfs  ifcplityai  »ni  rftc  Mot>n  fhc  1/vi/A^/J  sj/c  ifi 
OctwUiS  i^r^nrifarum.  Pu-  /ufur  snrftuv  nfiigm'fometcr  is  ^h*fwtt  tn  fftv  /hre^rfftfaJ. 
Ptv  pa^sn-v  scmftfmeH'r  is  rn  f/?c  issfrintmit\  fcjt,  ihi  st  mhf  fftinr  ifisfmmi'fiis  nof 
f liVJ,  m ' pi  VL'mi  hv  tiu*  nn it)  > isf » ft  !h c rnu  n in vfrV  /y i r »r,  t he  Mm  k hjev t 

(if  ihc  Mr  feff  rrur. 
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U.  LUNAR  INTERIOR  PROPERTIES  FROM  SEISMOMETER  RESULTS 


Results  of  passive  seismic  experiments  show  that  the  Moon  is  seismically  much  quieter  than 
the  Earth.  Seismic  data  indicate  that  the  interior  of  the  Moon  can  be  divided  into  two  major  regions: 
a rigid,  seismically  inactive  outer  shell  about  1000  km  thick  (the  lunar  lithosphere),  and  a relatively 
less  rigid  core  zone  (the  lunar  asthenosphere)  in  which  partial  melting  is  likely  (fig.  2,  and  Toksoz, 
1973).  The  transition  between  the  two  regions  is  gradual.  Small  moonquakcs,  extremely  low  in 
magnitude  relative  to  the  Earth,  originate  near  the  base  of  the  lithosphere  about  800  km  deep  in  the 
Moon  (whereas  nearly  all  sezmiic  activity  in  the  Earth  occurs  in  the  upper  25  km  or  so).  Tidal  energy 
due  to  the  Earth’s  gravitational  attraction  is  the  dominant  source  of  energy  released  to  moonquakes 
(fig.  3,  and  Latham  et  al,  1973);  therefore,  moonquakes  receive  a large  portion  of  their  energy  from 
an  external  source.  It  is  unlikely  that  Earthlike  tectonic  activity  is  occurring  at  present. 


Figure  2.-  Schematic  representation  (not  to  scale)  of  lunar  structure,  as  deduced  pxm  lunar  seismometer  data. 
Earthside  of  the  Moon  is  to  the  left.  Maria  basalt  filling  is  shown  in  black,  and  the  possible  hi^-velocity  zone  at 
60  km  depth  is  indicated  by  stippling.  From  ToksSz  (1974). 


Figure  S.  - Moonquake  activity,  recorded  by  the  Apollo  14  passive  seismic  experiment  (from  Latham  et  al,  1973), 
for  the  time  period  February  7,1971  to  July  27,19  72.  Times  of  peak  activity  occur  when  the  Moon  is  nearest  to 
the  Earth  in  its  orbit  (perigee)  and  farthest  from  the  Earth  (apogee). 
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Seismic  data  have  yielded  mfonnation  about  the  composition  of  the  outer  150  km  of  the 
Moon  (fig.  4),  The  structure  of  the  shallow  crust  has  been  obtained  by  the  active  seismic  experi' 
ment,  which  has  measured  sound  velocity  pro- 
files generated  from  vibrations  which  were 
originated  by  an  astronaut-held  ^"thumper”  and 
by  mortar-launched  grenades.  It  is  found  that 
the  outer  I km  has  very  low  seismic  velocities, 
appropriate  for  loosely  packed  rubble  rather 
than  consolidated  rock  (Kovach  etal.^  1973). 

For  depths  down  to  25  km  the  velocity  increases 
(Toksoz,  1973),  appropriate  for  consolidated 
nibble  or  an  extensively  fractured  igneous  rock 
such  as  basalt.  The  increase  of  velocity  with 
depth  perhaps  is  a function  of  greater  consolida- 
tion and  fewer  cracks  with  depth.  A transition 
occurs  at  about  25  km  depth,  where  the  velocity 
rapidly  increases  to  a value  rimilar  to  that  of 
lunar  anorthositic  gabbros.  Thereafter  the 
velocity  is  relatively  constant  down  to  a depth 
of  60  km.  At  that  depth  another  transition 
occurs  indicating  that  material  similar  to  terres- 
trial pyroxenites  exists  from  60  km  depth  to  at 
least  ISO  km  depth  in  the  Moon.  There  are  also 
indications  that  a high-velocity  (9  km/sec)  layer 
may  exist  at  65  km  depth,  but  results  are  not 
conclusive.  Such  a layer  would  be  quite  unusual 
by  Earth  standards,  since  very  few  terrestrial 
minerals  have  such  high  velocities. 


OBSERVED 

\ LUr<AR  MARE  BASALTS 

2 LU»JAR  ANORTHOSITIC 
GABBROS 

3 TERRESTRIAL  BYTOWNITE' 

4 TERRESTRIAL  PYROXtNITES 

5 OLIVINES 

6 GARNET 


FALLOW  STRUCTURE 
VELCKITY,  km/MK 


VELOCITY,  kmfutt 

figure  4.-  Sdsmkally  calculated  velocity  profiles  for 
the  near-surface  region  of  the  Moon^  showing 
comparisons  with  velocities  measured  in  the  labo- 
ratory for  samples  of  selected  material  composi- 
tion (from  Toksdz,  1974).  Shallow  structure  at 
the  Apollo  17  Taurus  Littrow  site  are  shown  in 
tlw  inset  (fiom  data  of  Kovach  et  197S). 


Seismic  results  have  also  been  used  to  pro- 
pose a thermal  evolutionar/  model  for  the  lunar 
interior  (Tbksoz,  1973),  assuming  an  accretiona! 
origin  of  the  Moon  whereby  during  its  early  history  the  outer  portions  of  the  Moon  were  hotter 
than  its  interior.  During  the  first  two  billion  years  of  the  4.6  billion  year  lunar  history,  the  lunar 
upper  mantle  underwent  sufficient  melting  to  account  for  the  differentiation  of  the  crust  and  the 
subsequent  lunar  vokanism  and  marc  filling.  Later  the  mantle  crust  cooled  while  the  deep  interior 
temperature  increased.  Seismic  results  indicate  that  the  deep  interior  may  be  hot  enough  at  the 
present  time  to  be  partially  molten. 


III.  LUNAR  INTERIOR  PROPERTIES  FROM  MAGNETOMETER  RESULTS 


Magnetic  fields  have  been  measured  at  a total  of  nine  locations  on  the  lunar  surface.  The 
magnetic  field  measurement  at  any  site  is  a sum  of  the  external  (solar  or  terrestrial)  field,  the 
permanent  lunar  field,  and  the  fields  induced  in  the  Moon  by  changes  in  the  external  field.  These 
different  types  of  magnetic  fields  can  each  have  relatively  large  magnitudes  at  different  times,  in 
contrast  to  the  case  of  a magnetic  raeasurement  on  the  Earth,  which  is  generally  dominated  (in 
magnitude)  by  the  Earth’s  pernianent  field.  The  permanent  lunar  field  measurementsffigs.  5 and  6) 
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Figf^re  3.  - Remanent  magneric  field  m&jstired  at  faurApoilo  sires  on  the  lunar  surface,  ran^^ngfmm  5 y to  327 y in 
magnitude  fl  y = l(f^  gauss),  imet  schemancaity  shows  lunar  surface  and  orbiting  magnetometers;  simuF 
ianeous  data  from  these  mt^etomefers  are  analyzed  to  determine  maptetic  and  thermal  properties  of  the 
lunar  interi(?r 


4^,. 


~V  1^ 


Ji' 


Fiptre  6.-  Remaftent  magnetic  field  measurements  at  five  heat  ions  (?f  the  Apollo  16  Descartes  sire.  sche- 

matically show  the  magnetic  field  direct i<ms  measured  at  the  surface  lijcatkms  (from  D\  ai  et  ai^  19731 
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range  (Dyal  etal.,\91‘i)  from  37  to  327 7 in 
magnitude  (1  7 = 1(T*  gauss),  much  smaller 
than  the  field  of  the  Earth,  which  ranges  from 
30,000  to  60,000  7.  Satellite  maps  of  magnetic 
fields  and  surface  magnetometer  measurements 
show  strong  evidence  that  the  lunar  crust  is  mag- 
netized over  much  of  the  lunar  globe  (Sharp 
etal,  1973).  Magnetic  fields  are  stronger  in 
lunar  highland  regions  than  in  mare  regions,  and 
stronger  on  tne  lunar  far  side  than  on  the  near 
side.  The  origin  of  the  lunar  remanent  field 
remains  an  enigma.  PossibUities  are  generally 
grouped  under  three  classifications:  a strong 
external  (solar  or  terrestrial)  field  in  the  lunar 
past,  an  ancient  intrinsic  field  of  global  scale 
such  as  the  Earth’s  dynamo  field,  and  localized 
field  sources. 

Magnetic  field  measurements  have  yielded 
calculations  of  the  iron  abundance  in  the  Moon 
(fig.  7,  and  Parkin  etcd.,  1974).  The  free  iron 
abundance  of  the  whole  Moon  is  determined  to 
be  2.5  percent  by  weight.  Total  iron  abundance 
is  dependent  upon  the  composition  of  the  lunar 
interior.  Calculations  have  been  carried  out  for 
lunar  compositions  of  olivine  and  ortho- 
pyroxene; the  average  calculated  total  iron  abun- 
dance is  9 percent  by  weight. 

Magnetic  measurements  (Dyal  et  ai,  1974) 
have  also  allowed  an  indirect  calculation  of  the 
temperature  profile  of  the  lunar  interior.  The 
calculated  temperature  rises  rapidly  with  depth 
to  1 200®  K at  250  km  depth,  then  more  slowly 
to  about  1 800°  K at  850  km  depth  (fig.  8). 


Cuftie  tSOTMERM 

global  permeability:  1.012  t 0.006 

FREE  IRON:  2 5 t 2.0  wt.% 

TOTAL  IRON:  9.0  t 4.7  wt.% 


Figure  7.-  iMnar  iron  tUntndance  md  magnetic  per~ 
meabUity,  calculated  from  lunar  magnetometer 
measurements  (from  Parkin  et  al..  1974). 
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figure  8.-  Lunar  temperature  profile  calculated  from 
lunar  magnetometer  measurements  (Dyal  etal., 
1974). 


IV.  HEAT  FLOW  EXPERIMENT  RESULTS 


Two  heat  flow  measurements  have  been  made  on  the  lunar  surface  during  the  Apollo  missions 
(Langseth  eta/.,  1973).  The  measurements  have  yielded  a lunar  heat  flow  of  about  3X10r*  W/cm*. 
which  is  approximately  one-half  the  heat  flow  average  for  the  Earth.  This  value  is  somewhat  larger 
than  the  predicted  value  (~l/5  that  of  the  Earth).  Assuming  the  lunar  heat  value  is  representative  of 
the  whole  Moon,  then  the  measured  heat  flow  requires  that  the  lunar  interior  heat  production  per 
unit  mass  be  more  than  twice  that  of  Earth.  This  in  turn  implies  that  the  abundance  of  lunar 
’•ranium  (which,  through  radioactive  decay,  is  probably  the  major  heat  source  in  the  Moon’s 
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interior)  exists  in  quantities  two  to  three  times  richer  than  in  the  Earth’s  interior.  The  radioactive 
isotopes  of  uranium,  and  *’*U,  and  potassium  (^®K)  and  thorium  (***Th)  probably  are 
concentrated  in  the  Moon’s  outer  100  to  200  km. 

The  heat  flow  experiment  temperature  sensors  measure  the  mean  surface  temperature  at  the 
Apollo  17  site  to  be  216°  K.  A large  temperature  gradient  with  depth  is  found  at  the  site,  which  is 
attributed  to  a strongly  temperature-dependent  thermal  condu  -tivity  of  the  surface  material,  at 
least  in  the  upper  few  centimeters. 


V.  LASER  ALTIMETER  RESULTS 


The  laser  altimeter,  flown  three  times  in  lunar  orbit  aboard  the  command  and  service  module, 
treasured  precise  altitudes  above  the  Moon’s  surface  by  means  of  transit  times  of  a ruby  laser  beam 
down  to  the  lunar  surface  and  back.  The  latest  results  (Kaula  etal,  1974)  show  that  the  mean 
radius  of  the  Moon  is  1 737.7  km  and  that  the  maria  are  very  level  and  smooth,  with  slopes  less  than 
one-tenth  of  a degree  over  distances  of  hundreds  of  kilometers  so  that  mare  topographic  features 
generally  deviate  less  than  1 SO  m from  the  mean.  Elevation  differences  in  the  highlands,  however, 
are  often  greater  than  3 km,  and  the  highland’s  mean  altitude  is  about  4 km  above  that  of  the  maria. 
The  Moon  is  found  to  deviate  from  a sphere  in  that  it  is  flattened  on  the  side  facing  the  Earth,  and 
the  center  of  mass  is  offset  from  the  center  of  flgure  about  2.4  km  toward  the  Earthside,  24°  east 
longitude.  The  best  value  for  lunar  moment  of  inertia  is  I/MR*  = 0.3953  ± 0.0045. 


VI.  OTHER  ORBITAL  EXPERIMENTS:  GAMMA-RAY  SPECTROMETER,  X-RAY  FLUO- 
RESCENCE EXPERIMENT,  ALPHA-PARTICLE  SPECTROMETER  EXPERIMENT 


The  gamma-ray  spectrometer  (Arnold  et  al.,  1972),  sensitive  to  gamma  rays  produced  by 
radioactivity  in  the  lunar  soil,  has  revealed  that  the  western  maria  on  the  Moon’s  near  side  are  more 
radioactive  than  other  lunar  regions.  The  eastern  maria  are  less  radioactive,  and  the  lunar  highlands 
are  regions  of  lowest  radioactivity. 

The  X-ray  fluorescence  experiment  (Adler  et  al.,  1973)  has  measured  characteristic  secondary 
X-ray  emissions  produced  when  solar  X-rays  impinged  on  the  lunar  surface.  Generally,  the  highlands 
have  been  found  to  be  high  in  aluminum  and  low  in  magnesium,  whereas  for  the  maria,  the  reverse 
is  found  to  be  true.  The  X-ray  experiment  has  yielded  evidence  supporting  the  idea  that  the  lunar 
highlands  are  portions  of  an  ancient  crust  with  composition  between  anorthositic  gabbro  and 
gabbroic  anorthosite. 

The  alpha  particle  s lectrometer  (Bjorkholm  et . /.,1973;Gorenstein  etal.,  1973)  is  sensitive  to 
ladioactive  radon  gas  emerging  from  the  Moon’s  surface.  Local  areas  have  been  found  on  the  lunar 
surface  which  have  high  radon  (***Rn)  emanation  rates,  the  most  conspicuous  being  the 
Aristarchus  crater  region.  Radon  emission  has  also  been  seen  in  varying  amounts  around  the  edges 
of  tne  maria,  implying  that  radon  emission  is  a time-dependent  phenomenon.  If  there  were  pres- 
ently regions  of  strong  volcanic  activity  on  the  Moon,  the  alpha-particle  experiment  would  probably 
de  'Ct  it;  however,  no  present-day  volcanic  activity  has  been  identified. 
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VII.  THE  LUNAR  ATMOSPHERE 


The  mass  spectrometer  (Hoffman  etai,  1973)  has  measured  helium,  neon,  argon,  and  possibly 
molecular  hydrogen  as  constituents  of  the  lunar  atmosphere.  It  is  expected  that  the  helium  and 
neon  ori^nate  in  the  solar  wind.  Argon  isotopes  vary  in  abundance  over  the  lunar  day,  implying 
that  they  condense  into  the  lunar  surface  at  night  and  release  into  the  atmosphere  at  dawn.  The 
total  gas  concentration  of  all  molecules  at  lunar  night  (when  the  instrument  is  shielded  from 
incoming  particles  from  the  sun)  in  the  atmosphere  is  2X 10^  molecules/cm^ . 


VIII.  DISCUSSION 


Considerable  analysis  has  been  carried  out  to  date  in  lunar  geophysics,  and  much  infoimation 
has  been  gained  concerning  properties  of  the  Moon.  Although  it  is  often  said  in  lunar  research  that 
more  questions  than  answers  have  emerged  in  the  five  years  since  the  first  Apollo  landing,  the  future 
looks  bright  for  continued  lunar  research.  NASA  has  launched  the  post-Apollo  lunar  synthesis 
program,  inviting  new  scientists  to  synthesize  the  great  quantities  of  lunar  scientific  data  which  have 
been  gathered  by  separate  experiments.  The  next  few  years  may  well  bring  a much  fuller  under- 
standing of  the  origin  and  evolution  of  our  Moon  and  the  solar  system. 
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The  interior  of  the  Moon 

As  a result  of  the  Apollo  program  we  ‘'.now  that  the  lunar 

crust  is  much  older  than  we  had  suspected,  but  the  interior  temperature 

remains  a puzzle,  as  does  ihe  problem  of  the  Moon’s  origin 


Don  L.  AndetwOn 


The  Moon  is  one  of  the  more  obvious  of 
our  neighbors  in  space  and  is  certainly 
the  most  accessible.  In  spite  of  inten- 
sive analysis  and  probing  by  virtually 
every  conceivable  chemical  and  ph\'$i- 
cal  techniqur,  the  maneuvering  room 
for  speculation  on  lunar  origin  has 
scarcely  diminished  as  a result  of  the 
Apollo  program.  This  is  not  primarily 
due  to  lack  of  information  but  to  the 
unexpected  and  confusing  nature  of  the 
newly  acquired  data*  most  of  which  is 
open  to  multiple  interpretations. 

The  Moon's  unique  characteristics 
have  become  even  more  unique  as  a re- 
sult of  lunar  exploration.  This  strange 
body,  shown  partirularK  wt  n the 
Ap<Alo  17  phonograph  (figure  U.  is  like 
no  other  in  the  solar  sN'stem  that  we 
know  ahoat.  either  presently  orbiting 
the  Sun  or  having  fallen  on  the  Earth. 
It  is  similar  to  no  planet  or  meteorite. 
Curiously,  it  is  most  like  some  tiny 
white  inclusions  in  a meteorite  that  fell 
spectacularly  to  Earth  in  Mexico  dur- 
ing the  midist  of  the  lunar  exploration 
program. 

The  most  immediate  scientific  and 
public>intere$t  aspects  of  the  lunar  ex- 
pk>ratioa  programs  have  been  the  plK>- 
tographs  and  the  returned  lunar  sam- 
ples. The  orbital  and  surface  photo- 
graphs lorm  the  basis  of  detailed  mor- 
phc^ogival.  historical  and  structural 
geological  studies  the  lunar  surface. 
The  samples  have  been  subjected  to  a 
battery  of  chemical,  petrological  and 
physical  measurements  that  has  re- 
sulted in  volumes  primary  data  end 
thousand^;  of  page  of  interpretation. 
Less  publicized,  and  less  tangible  to 
the  layman,  is  the  wealth  of  data  that 
has  been  returned  and  is  still  being  re- 
turned by  the  scientific  instruments 
that  accompanieu  tlie  astronauts 
around  and  tothe  Moon  (see  figure  2). 

These  scientific  observatories,  more 
sophisticated  by  far  than  any  that  are 
ooerating  on  Earth,  have  measured  the 
shape  of  the  Moon,  its  gravity  field, 
the  electromagnetic  fi«  in  its  vicini- 
ty. heat  flow  through  me  surface,  the 
seismic  activity  and  velocities  in  the 
interior  and  the  composition  of  the  sur- 
face und  the  tenuous  lunar  atmo- 
sphere. 

From  these  measurements  we  can 
draw  conclusions  about  the  composi- 
tion, temperature  and  history*  of  the 
Moon;  some  of  these  conclusions  con- 
firm what  we  had  already  guessed  from 
Earth-based  observations,  but  others 
are  unexpected  For  example,  we  al- 
ready knew  that  the  Moon  was  defi- 
cient in  iron  (in  omparison  with  the 
proportions  of  iron  in  the  Earth  and  in 
the  other  ler.estrial  planets),  b it  from 
examination  of  surface  samples  we  now 
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know  that  it  is  deficient  also  in  all  ele- 
ments and  compounds  more  volatile 
than  iron.  We  had  guessed  that  the 
Moon  must  have  a low-density  crust, 
but  the  great  age  and  thickness  of  this 
crust  were  quite  unexpected.  The 
temperature  of  the  interior  is  still  a 
puzzle,  with  new  evidence  i'onfirming 
neither  the  hot-core  nor  the  cold-core 
theories— though  I believe  the  hot-inte- 
rior model  is  the  more  likely.  Likewise 
we  can  stili  not  be  certain  precisely 
how  the  Moon  was  formed,  but  we  can 
make  a scenario  that  not  only  fits  the 
evidence  we  have  for  the  Moon  but  also 
has  useful  things  to  say  about  the  for- 
mation of  the  inner  planets. 

Bulk  chemistry 

it  has  long  been  known  that  the  den- 
sity of  the  Moon  is  considerably  less 
than  that  o(  the  other  terrestrial  plan- 
ets. even  when  allowance  is  made  for 
pressure.  The  terrestrial  planets  con- 
tain about  30%  iron,  which  is  consis- 
tent with  the  composition  of  stony 
meteemtes  and  the  nonvolatile  compo- 
nents of  the  Sun.  They  therefi.'e  fit 
into  any  scheme  that  h^  them  evolve 
from  solar  material.  Because  iron  is 
the  major  dense  element  occurrit»^  in 
the  Sun.  and  presumably  in  the  pre- 
plan; tar\*  solar  nebula,  the  Moon  is 
clearly  depleted  in  iron . Many 

theories  of  lunar  origin  have  been 
based  on  this  fact,  and  numerous  at- 
tempts hav*e  been  made  to  explain  how 
iron  can  be  separated  iFom  other  ele- 
ments and  compounds.  Density,  mag- 
netic properties  and  ductility  have  all 
been  invoked  to  rationalize  why  iron 
should  behave  differently  th.An  silicates 
in  early  solar-system  processes. 

Once  samples  were  returned  from 
the  Moon,  however,  it  became  clear 
that  the  Moon  was  not  onK*  dtficient 
in  iron  but  in  a number  of  o-her  ele- 
ments as  well.  The  common  charac- 
tnristics  of  these  elements  and  their 
compounds  is  volatility.  The  returned 
samples  showed  that  the  Moon  is  de- 
pleted in  compounds  more  volat  ile 
than  iron  and  ttiat.  to  a first  approxi- 
mation. the  Moon  could  be  considen.d 
a refractory  body.  Calcium,  alumi- 
num and  titanium  are  the  major  ele- 
ments involved  in  high-temperature 
condensation  processes  in  the  solar  ne- 
bula; minor  refractory  elements  in- 
clude barium,  strontium,  uranium, 
thorium  and  the  rare-earth  elements. 
The  Moon  is  enriched  in  all  these 
elements  and  we  are  now  sure  l hat 
more  ;han  simply  iron-silicate  sep  ra- 
tion must  be  invo!  :d  In  lunar  origin 

iTie  abundance  of  titanium  in  the 
returned  lunar  samples  was  one  of  the 
first  surprises  of  the  Apollo  program. 
Titanium  is  not  exactly  rare  on  Earth, 
but  it  is  usually  considered  a “minor  * 
or  “trace”  element.  The  first  samples 
returned  from  the  Moon  contained  1(^% 


of  titanium-rich  compounds.  The  sur- 
face samples  were  also  remarkably  de- 
pleted in  such  volatile  elements  as  so- 
dium. potassium,  rubidium  and  other 
elements  that,  from  terrestrial  and  lab- 
oratoTN'  experience,  we  would  expect  to 
find  concentrated  in  the  crust.  Water, 
sulfur  and  other  volatile  elements  and 
compounds  were  also  sparse.  The  re- 
fractory trace  elements-^such  as  bari- 
um. uranium  and  the  rare-earth  ele- 
ments—were  concentrated  in  lunar 
surface  material  to  an  extent  several 
orders  of  magnitude  over  that  expected 
on  the  be  sis  of  cosmic  or  terrestrial 
abundances. 

Some  of  these  elements,  such  as  ura- 
nium. thorium,  strontium  and  barium, 
are  “large-ion''  elements,  and  one 
would  expect  them  to  be  concentrated 
in  melts  that  would  be  intruded  or  ex- 
truded near  the  surface.  However, 
other  volatile  large-ion  elements,  such 
as  sodium  and  -*'tbidium.  are  clearly 
deficient,  in  most  v b>-  at  least  sev- 
eral orders  of  magnitude  from  that  ex- 
pected from  cosmic  abundances.  The 
enrichment  of  refractory  elements  in 
the  surface  rocks  is  so  pronounced  that 
se\*eral  geochemists  proposed  that  re- 
fractory compounds  were  brought  to 
the  Moon's  surface  in  great  quantity  in 
the  later  stages  of  accretion.  The  rea- 
son behind  these  suggestions  was  the 
belief  that  the  Moon,  overall,  roust  re- 
semble terrestrial,  meteodtic  or  solar 
material  and  that  it  was  unlikely  that 
the  whole  Moon  could  be  enriched  in 
refractories.  In  these  theories  the  vol- 
atile-rich materials  must  be  concen- 
trated toward  the  interim.  In  a cool- 
ing-nebula model  of  planetaiy*  forma- 
tion. the  refractories  condense  before 
the  volatiles  and  it  was  therefore  pro- 
posed that  Moon  was  made  inside  out! 

Howe . er.  it  now  appears  that  the  de- 
pict ion  of  iron  and  volatiles  can  he 
taken  at  face  value  and  that  the  whole 
Moon  is  deficient  in  elements  and 
compounds  more  volatile  than  iron. 
Petrological  considerations  show  that 
TXiii  only  the  surface  rocks  but  a*so 
their  igneous  source  regions,  deep  in 
the  Moon,  are  also  deple*  d in  vola- 
tiles. The  Moon  is  probably  enriched 
in  calcium,  aluminum,  titanium  and 
the  refractoiy*  trace  e!ements  through- 
out. This  composition  would  explain 
the  mean  density  of  the  Moon  and  the 
high  heat  flow,  and  it  would  help  to 
explain  why  the  Moon  melted  and  dif- 
ferentiated very*  rapidly. 

The  interior 

In  \iew  jf  the  ahukidant  geological 
evidence  that  ‘he  surfaie  rocks  re- 
sulted from  melting  processes  in  the 
interior,  it  was  no  surprise  that  the 
geophysical  evidence  indicated  that  the 
Moon  has  a low-density  crust.  Its 
great  age,  as  measured  by  geochemical 
techniques,  and  great  thickness,  as  re- 
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ion  refmcior>-  elemenis  are  prefere* 
liaUv  retained  by  the  liquid,  and  there- 
fore iiurh  eleinentih  bar'  im,  ^tronti' 
um.  uranium  and  th^'riutn  would  be 
eoTn-vn!  rated  in  the  last  liquid  to  cr>*i- 
lalli/e.  Tbt>e  eletsenti^  are  conceit' 
imied  in  the  luna*'mare  basalts  by 
several  of  ma^iiude  over  the 

highland  plagKviase-nch  mateha^ 
with  the  notable  exception  o«  euro- 
pium. which  is  retained  by  plagioclase. 
Compared  to  the  other  rare-earth  ele- 
ments europium  is  depleted  in  basalts 
and  rmiched  in  anortbosites.  The 
^"europium  arwmoly**  w'as  one  of  the 
early  mysteriesi  of  the  lunar  sample-re* 
turn  pn^ram  and  implied  that  plagto 
clase  was  abundant  somewhere  on  the 
Moon.  The  predicted  material  was 
later  found  in  the  highlands. 


Seismic  evidence 

Seismology  is  one  of  the  most  power- 
ful tool>  for  studying  the  interior  of  a 
planet,  providing  it  does  inu>nnation 
re  levant  to  smiciure  ccmt  petition  and 
tectonics.  In  the  case  of  the  Earth, 
the  mapr  regions  such  the  crust, 
mantle  and  core  and  the  sites  of  most 
earthquakes  were  disem^ered  in  the 
earh  days  of  seismology.  At  that*  lime 
a few  seismic  stations  were  in  op- 
eratitm.  and  seLsmic  waves  were  used 
not  only  to  determine  velocities  but  to 
determine  the  local  urns  of  the  earth- 
quakes as  wrell.  When  earthquakes  be- 
came better  located,  with  networks  of 
seismic  staiums,  the  siructurt  of  the 
Earth  could  be  Tefmed.  As  t*"?  vekvj; 
ly  distribution  in  the  Earth  became 
better  known  the  earthquake  could  be 
Icxated  with  more  certainty.  Even 
ttiday,  with  hundreds  of  seismic  sta- 
livms  and  thousands  of  W'ell  located 
earthquakes  and  large  explosions,  the 
reffnement  of  Earth  structure  con- 
tinues. 

Currently  four  seismic  stations  are 
ofipratmg  on  the  Moon,  allhmieh  iw'o 
of  them  jire  m close  toe^ihe'^  that  the 
information  they  provide  is  partially 
redundam.  h>r  the  problem  **i  lix'at- 
ing  mn^ifKpiakes  this  is  a minimum 
network.  In  a homogeneents  sphere 
four  parameters  are  required  to  sj>ecifv 
the  Wat  ion  and  tirnt-  ixcurrence  of 
an  unkniiwo  event.  If  the  propagation 
velocity  in  the  sphere  is  imkn*»wrn  more 
parameters  are  reituireci  In  general 
each  seismic  station,  tf  appropHaiely 
placed,  provides  one  parameter -*-usu* 
ally  the  arrival  time  the  fastest 
pha.se.  the  direci  t'om  press  tonal  wave 
arrival  If  the  sphere  i>  not  homoge- 
^aduitmal  fwirameters  and  seis- 
mic  sf  at  ions  are  n^pired  for  these 
.casom  thr  hxati  ms.  pariicularly  the 
depths.  M mfionquakes  must  he  corrsid- 
ered  temanve, 

But  it  is  Hear  that  the  sf  activ- 
Uv  of  the  Mfxm  is  much  less  iha.  the 
Earth.  Iw^th  in  numliers  of  quakes  and 
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cipal  momeTHs  of  inenia.  The  differ- 
ences between  the  principal  moments 
of  inertia  arc  more  than  an  order  of 
magnitude  greater  than  can  he  ac- 
ctxtn ted  ftrr  by  a simple  homogenetais 
body,  relating  and  stretched  hy  Eanh 
ndes.  The  sittiplesT  imerpreiation  is 
in  tertus  of  a crust  of  highly  variable 
ihicknesj^.  an  inferpre^auiw  supported 
by  nearside  g»-avity  results. 

.^symmetry  Is  not  a unique  chafac' 
teristic  of  the  Mcnm:  the  asymmetne 
distri  bill  ion  of  continents  and  oceans 
on  the  Earth  is  well  known,  and  Mars, 
likewise,  is  very’  asymmetric  Inith  m its 
top  ography  and  gruviiv  field.  U>rge- 
scale  enn  vert  ion  n’i.'ioc?a*ed  with  e?iHv 
gravitational  differentiatvon  ciwild  lead 
to  the  observed  asymmetries  and  may 
be  one  torn mon  churacieristic  of  all  the 
Itrresinal  planets. 

In  the  case  of  the  Earth  and  thi 
and  probably  for  Mars  as  well, 
ilu^  physical  asymmetry  vorrelates  well 
with,  and  i>  probably  the  result  iif, 
chemical  asymmetry.  The  lunar  high- 
lands are  dominatelv  plagiixU^e  feltl- 
spar-rich  rtxks  with  densities  consider 
ably  less  than  the  fr<*ntside  mare  ba 
salts  and  the  mean  density  of  the 
\lrKin  These  feldspars  crystal li/e  a* 
higher  lenifH'raTures  than  basalt  dt  ^ 
and  can  therefore  lx*  exp.*cted  to  float 
to  the  surface  of  ibeir  ]>arem  liquid 
The  residuiil  liquids  wmild  bkely  he 
the  source  region  of  t|u*  mare  basalts, 
which  enipt  tf*  the  surf  in'  later. 

rhi,*'  Mcnario  not  only  expfums  tre 
physical  nieasyrcmeni s but  alsiJ  sfime 
subtle  details  f*f  the  cheinisin  l>iirge- 


quirfd  by  the  physical  evidence,  were, 
however,  unexpected.  l*hese  are  itn- 
pfrtanc  ^loundary  ixmdpions  on  the  ■ 
igin  and  com  posit  urn  of  the  M^*on. 

The  principal  moments  of 

itMrtia  indicate  that  crustal  thickness 
varies  fmm  alxiui  40  km  ai  tne  poles  to 
more  than  litl  km  on  the  lunar  bark- 
side.'  Large  varlatiom  m crusial 
thicknes.s  are  aW  required  to  satisfy 
gravity  data  and  the  nohcoincidence  of 
the  centers  mass  and  figuixr  t>f  the 
Moon.  The  present  orientation  of  the 
Moon  and  the  rest  riel  ion  ha.salt- 
filled  maria  to  »hc  Manh-facing  hemi' 
sphe:  are  undirtihiediv  ihe  result  of 

this  a.sv^metrv'  in  rru.stai  thickness 
Tbe  laser  altimeter  thiwn  on  some  of 
tht  bier  Ap^illo  missions  provided  de- 
tails  of  Top^Vt'^phy  as  well  as  clarifying 
ma>or  pniblems  such  as  frontside 
back.sidr  asymmetry',  'iffsei  of  center ^ 
of -mass.  elevatifpH  differences  betwer-n 
mana  and  highlands  ami  relative 
roughness  highland.-^  compared  to 
maria  basins.^  ITie  mana  are  remark- 
ably smn*»th  and  level:  sh  r>es  of  less 
than  one  tenth  of  a degree  persist  for 
hundreds  of  kilometers  and  tr^Migraph- 
ic  excursions  from  the  mean  are  gener 
ally  les>  than  l*»n  meters.  Hy  contrast 
elevatirai  differences  in  the  highlatids 
are  com  monk  greater  than  km  The 
mean  altitude  of  the  terrace,  f*'  b 
lands,  ahfjve  maria  is  also  about 

'the  renier  of  ma.s.s  disjf.«..ced 
toward  the  Earth  and  siighHv  toward 
the  east  by  nhoiit  2 km.  rhi,"  gr^*ss 
asymmetrv  of  ^h€'^  M-xm  has  long  been 
krow’n  Ir  m consideniiion  of  the  pnn 


their  size,  or  magnitude.  Hieir  times 
ci  occurrence  appear  to  correlate  with 
tidal  stresses  caused  by  the  varying 
distance  between  the  Moon  and  the 
Earth.  Compared  with  the  Earth  they 
seem  to  occur  at  great  depth,  about 
half  the  lunar  radius  (but  we  must 
keep  in  mind  the  reservations  on  loca- 
tion accuracy  mentioned  above  1.  Both 
the  age*dating  evidence  and  the  seis- 
mic data  indicate  that  the  Moon  today 
is  a relatively  inactive  body.  This  con- 
clusion is  consistent  with  the  absence 
of  obvious  tectonic  activity  and  with 
the  low  level  oi  st  esses  in  the  lunar  in- 
terior implied  by  gravity  and  moment - 
of-inertia  data. 

On  the  Earth,  most,  if  not  all,  &?is- 
mk  and  vectonic  activity  is  associated 
with  the  movements  of  large  plates  on 
or  near  the  Earth's  surface.  The  driv- 
ing m&chanism  of  plates  is  only  vague- 
ly understood,  but  the  extreme  mobili- 
ty ol  plates  is  probably  related  to  their 
thinness  relative  to  the  radius  €i  the 
Earth;  the  mass  and  thermal  inertia  of 
the  lithosphere  are  negligible  compared 
to  the  Eanh  as  a whole.  The  ability  of 
plates  to  break  and  slide  past,  or  drive 
beneath,  one  another  are  consequences 
of  their  thinness.  A variety  of  observa- 
tions can  be  explained  if  the  lunar 
lithosphere  is  much  thicker  than  its 
terrestrial  equivalent.  Be  ^ause  the 
depth  of  the  lithosphere  b bvlieved  to 
he  controlled  by  the  intersection  of  the 
temperature-depth  'wve  with  the  “sol- 
idus" (the  temperature  at  which  par- 
tial melting  occurs),  a thick  lithosph- 
ere means  either  higher  melting  tem- 
peratures, or  a shallow  temperature 
gradient,  or  both.  Both,  in  fact,  are 
probable  fw  the  Moon.  The  Moon, 
being  a smaller  body  than  the  Earth, 
will  cool  faster;  the  rarity  of  volatiles, 
includit.g  water,  means  that  melting 
temperatures  Will  be  greater,  and  the 
refractor>’  nature  of  the  bulk  of  the 
lunar  crust  would  drive  melting  tem- 
peratures even  higher.  The  lunar 
heat-flow  values  are  less  than  terrestri- 
al ones,  and  this  reduction  is  also  con- 
sistent with  a shallower  temperature 
gradient. 

The  travel  times  of  seismic  waves 
generated  by  artificial  impacts  have 
been  used  to  determine  the  structure  of 
the  outer  150  km  of  the  Moon.*  To 
produce  useful  impacts,  Saturn  IV-B 
booster  and  lunar-module  ascent  stages 
were  programmed  to  strike  the  surface 
of  the  Moon  at  distances  as  far  as  1750 
km  from  the  lunar  seismic  stations. 
The  resulting  velocity  structure 
applies  roughly  to  the  central  portion 
of  the  lunar  hontside.  We  should  keep 
in  mind  our  previous  discussion  of  in- 
homogeneity, particularly  the  rather 
strong  evidence  that  crustal  thickness 
varies  substantially.  Lateral  changes 
in  structure  and  velocity  also  compli- 
cate seismic  interpretations. 


The  shallow  crustal  structure  has 
been  determined  by  the  active  sebmic 
experiment,*  which  used  thumper  and 
mortar-launched  grenade  sources,  and 
by  surface  gravity  traverses.  The 
outer  kilometer  has  extremely  low  ve- 
locities, less  than  1 km/sec.  Thb 
value  b more  appropriate  for  rubble 
than  consolidated  rock.  The  velocities 
increase  from  4 km/sec  at  1 km  depth  to 
6 km/sec  at  20  km  (see  figure  3).  The 
lower  velocity  b appropriate  for  consol- 
idated rubble  or  extensively  fractured 
igneous  rock,  such  as  basalt.  The  in- 
crease of  velocity  with  depth  is  proba- 
bly primarily  the  result  of  con^ida- 
tion  and  crack  closure.  The  6-km/sec 
velocity  at  the  base  of  thb  layer  b con- 
sistent with  labmtory  measurements 
on  returned  samples  of  lunar  basalt. 

At  20  km  depth  the  velocity  in- 
creases abruf^ly  to  about  6.7  km/sec, 
and  it  remains  relatively  constant  to 
60  km  depth.  The  constancy  of  veloci- 
ty means  that  most  cracks  have  been 
eliminated  and  also  that  the  effects  of 
temperatures  and  pressure  gradients 
are  either  small  or  they  cancel.  In  thb 
region  the  velocities  can  be  matched  by 
anorthositic  gabbro,  a plagioclase-rich 
rock  type  that  b low  in  iron  and  has 
relatively  low  density  (about  2.9  gm/ 
cm*).  Thb  layer  may  be  similar  in 
composition  to  the  lunar  highlands. 

At  60  km  the  velocity  jumps,  at  least 
locally,  to  about  9 km/sec.  When  all 
the  srbmic  data  are  considered  togeth- 
er w may  find  that  this  layer  is  very 
thin  (less  than  40  km)  or  it  occurs  only 
locally,  or  b6th.  Perhaps  it  occurs 
only  as  pods  or  lenses  under  maria  ba- 
sins or  only  under  mascon  basins;  at 
the  moment  we  have  no  way  of  telling. 
In  any  event,  such  high  velocities  were 
unexpected  and  are  unusual  by  any 
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Compresaional  velocity  plotteo  against 
depth  in  the  Moon,  with  an  indication  of 
possible  mineral  assemblages  present  at 
different  depths  (From  ref  3.)  Figured 


standards.  They  may  also  be  ficti- 
tious, because  sebmic  waves  refracted 
by  dipping  interfaces  can  give  apparent 
velocities  slower  or  faster  than  real  ve- 
locities. A velocity  of  9 km /sec  b 
much  greater  than  the  8 km/sec  veloci- 
ty typical  of  the  Earth's  upper  mantle 
and  ^ rocks  thought  to  be  common  in 
the  upper  lunar  manile.  Only  a few 
minerals,  exotic  by  terrestrial  stan- 
dards, have  such  high  velocities. 
These  include  spinel  (MgAl204),  co- 
rundum (AbOa),  kyanite  (AlaSiOs) 
and  Ca-rich  garnet  (CasAlaSisOia). 
These  are  all  calcium-  and/or  alumi- 
num-rich minerab  and  occur  as  the 
dense  residual  crystaU  when  a Ca-Al- 
rich  liquid  partially  solidifies.  The  9- 
km/sec  layer  may  therefore  be  related 
petrologically  to  the  overlying  crustal 
layer. 

The  apparent  sebmic  velocitv  at 
greater  depth  b only  7.7  km/sec — i.n- 
termediate  between  the  velocities  we 
usually  assoebte  writh  the  crust  and 
the  mantle.  Thb  velocity  continues  to 
a depth  of  at  least  150  km  (the  deepest 
depth  of  penetration  of  sebmic  energy 
from  artificial  impacts)  and  is  appro- 
priate for  pyroxene  or  plagioclase-rich 
rocks.  In  the  latter  case  we  would  stiH 
be  monitoring  the  crust  and  therefore 
would  have  only  a lower  bound,  150 
km,  on  its  thickness.  It  should  be 
called  that  the  crust  b thicker  on  the 
backside.  Even  if  the  crust  is  only  60 
km  thick,  the  conventional  interpreta- 
tion of  the  sebmic  results,  it  b much 
thicker  than  the  average  terrestrial 
ciust,  particularly  in  relative  terms; 
thb  great  thickness  indicates  that  the 
Moon  was  extensively  differentiated. 
In  combination  with  the  age  data  thb 
mean.«  that  the  Moon  was  extensively 
melted  early  in  its  hbtor>*.  The  source 
of  thb  early  heat  b a matter  of  some 
controversy. 

Evidence  for  the  constitution  of  the 
deeper  interior  is  very  sketchy.  Seb- 
mic ^hear  waves  apparently  cannot 
pass  eificbriily  below  some  1(XX)  km 
depth.  Thia  can  be  taken  as  tentative 
evidence  for  at  least  a hot,  if  not  mol- 
ten or  partially  molten,  deep  interior. 

Is  the  Moon  hot  or  cold? 

One  of  the  long-standing  contro- 
versies regarding  the  Moon  is  whether 
its  interior  b hot  or  cold.  Most  of  the 
newer  evidence  is  ambiguous  and  fails 
to  resolve  the  controversy  that  origi- 
nated with  the  earlier  data.  The  wide- 
spread occurrence  of  basalt  certainly 
indicatei  that  it  was  at  least  partially 
molten  early  in  its  history,  but  we  are 
not  sure  that  this  ha  ?ned  .since  then 
Conduction  alor/.  ts  only  efficient  in 
lowering  the  internal  temperatures  of 
the  outer  300  km;  on  the  othet  hand 
the  process  of  basalt  extrusion  an  ef- 
ficient mechanism  for  rerno'  ing  heat. 
However,  ba.salts  an*  unlikely  to  have 
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originated  deepe  ihan  5*Ki  km.  and 
they  repre^irnt  imiy  a small  fravtion  of 
the  llierefore  they  are  ineffee- 

live  in  coohng  the  deep  interior.  The 
anorthi^itic  highlands  are  probably 
also  the  result  of  igneous  and  differen* 
liation  processes.  But  their  emplaee- 
meat  merhanisiii  wou'd  be  plagicx^lase 
flotation,  resulting  in  a thick  insulating 
blanket  for  tne  remaining  liquid.  The 
age  of  maria  material  indicates  that 
melts  ^till  existed  at  moderate  depths 
for  more  than  10^  years  after  creation 
of  the  piagiocbse-ricb  highlands. 

It  is  quite  possible  that  the  mare- 
forming  igftecHis  episodes  were  a result 
of  thermal  tidal  and  impact  stresses, 
all  of  which  were  intense  in  the  earliest 
history  of  the  Moon.  Igneous  activity' 
may  ha\e  ceased  when  stresses  were  no 
longer  adequate  to  breach  the  thick 
Uihosphere.  If  this  is  true,  then  the 
Moon  beicw  some  ^tOO  to  lilUO  km  may 
still  be  paniallv  midten.  A lithosphere 
of  this  thickness  cautd  easily  sup  Don 
the  stresses  implied  by  the  non  hydros- 
tatic shape  of  the  Motm  and  the  pres- 
ence trf  mascons. 

The  nonequilibrium  shape  of  the 
Moon,  the  offset  of  the  renter  of  mass 
from  the  cetue**  of  figure  anci  the  pres- 
ence of  large  surface  concentrations  of 
mass  tmascons^  have  lieen  used  as 
arguments  that  the  Mix>n  is  a cold, 
strong  body.  However,  when  viewed 
more  carefuby.  all  of  this  evidence 


suggests  just  the  contrary.  The  stress- 
es required  to  suppi>rt  the  noriequilibri- 
uifi  shape  are  only  stime  tens  of  bars, 
and  a relatively  thin,  jiroog.  miter 
layer  would  suffice  to  support  these 
stresses  The  Earth,  by  cimimst.  sup- 
p<nis  stress  differences  of  bundretfs  of 
imrs.  and  stresses  at  kilubar  levels  ttre 
required  to  break  rxrks  in  the  laborato- 
ry. Thus,  taken  at  face  value,  the 
lunar  data  suggest  that  the  Mmm  is  a 
hot  w*eak  b^xly.  This  ct>nclusion  j.s 
consistent  with  the  lunar  heat-fltm 
values,  the  low-  le\^el  of  seismic  stresses 
and  the  high  radioactivity  inferred  for 
the  interior.  Figure  4 shows  ihe  criiss 
section  of  the  Mm>n  according  to  this 
picture. 

[f  a small  body  such  as  the  Mmm 
hirroed  hot  it  is  bkely  that  the  other 
planets  also  formed  hot,  and  that  thev 
too  are  differentiated.  This  i.-*  an  im- 
portant boundary  condition  on  the 
vaguely  understood  processes  y|  plane- 
tary formation.  The  accTetion  of  plan- 
etesimals  into  planets  must  have  been 
exifemeiy  rapid,  at  least  in  he  time 
scale  of  cooling  of  the  nebula.  Other- 
wise the  gravitational  energy  of  arc  re- 
tTon  would  be  conducted  to  the  surface 
and  radiated  iway.  A rapid  time  scale 
cf  accretion  is  consLsient  with  modern 
theories  of  planetary  accretion  in  a col- 
lapsing^ gas-dust  cloud.  High  ini  I rat 
temperatures  are  also  consistent  with 
the  hypothesis  of  accretion  during  con- 


densation. which  has  been  prop<.>«ed  tu 
explain  the  differences  in  composition 
of  the  terrestnal  planets.  Briefly,  this 
hypothesis  states  that  the  planeis 
formed  rapidly  wnile  the  nebula  was 
siiji  cot^iing  and  that  the  nebula  sva,s 
diss^ipated  before  tiling  or  condensa- 
tion was  complete  tsee  figure  fit,  I’he 
outer  planets  would  be  rich  in  ^^laitle 
materiaLs  Inrcause  of  their  disianc'^ 
from  the  Sun.  Mercury  livould  be  the 
memt  refractoty-nch  terreistrial  planet, 
insofar  a.s  distance  from  the  Sun  is  the 
main  variable.  Its  high  density 
suggests  that  the  nebula  was  dLssipated 
shortly  after  iron  condeased  in  its  vi- 
cinity. 

How  can  w'e  explain  the  early  high- 
ternperaiure  bisttMy'  of  the  Moon  and 
at  the  same  time  its  rapid  demth  as  an 
active  fK.dy?  Prior  to  lunar  expLora- 
lion  the  preferred  theory  for  the  forma- 
litin  of  I he  planets  involved  the  gradual 
accrethm  of  cold  panicles  with  subse- 
quent heating,  melting  and  differentia- 
tion resulting  from  decay  of  radioactive 
elements.  Because  tbe  first  10®  yeans 
of  terrestrial  history'  are  inaccessible  to 
us  there  Tivas  no  compel  hng  n?ason  to 
suppose  that  the  Earth  was  inirially 
hot.  Some  indirect  dues,  however, 
point  to  a high  -tern t>eratu re  origin . The 
oldest  terrestrial  rticks  are  dearly  the 
result  <»f  igneous  proce>ses,  and  they 
contain  evidence  that  th^*  Earth  had  a 
magnetic  field  when  they  crystallized 
This  suggests  that  the  Earth  had  a 
molten  core  early  in  its  history , ^lany 
ancierit  meteorites  also  have  dearly 
gone  through  a high -temperature  event 
< are  the  result  of  magmatic  processes 
. rat  predate  the  old^u  traceable  mag- 
matic events  on  the  Earth 
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These  pro- 
cesses must  have  taken  place  in  a body 
much  smaller  t han  t he  Earl  K. 

.Age  dating  of  lunar  material  indi- 
cates that  mcMt  of  the  differentiation  of 
the  Mfwin  occurred  in  the  first 
years  of  its  existence.  For  the  Earth 
mt^st  of  this  early  record  h lost  liecause 
of  subsequent  igneocs  and  vol^amc  ac- 
tivity and  rapid  eros tonal  processes. 
The  Moon,  unlike  the  Earth,  has  been 
remarkably  (|uiescent  for  the  last  .1  x 
years  TbU  is  true  not  only  for  in- 
Cernnl  prwesses  hu:  also  for  the  exter- 
nal bombardment  pn>ces,ses  that  are 
mninlv  respomihic  for  the  surface  fra 
tures  of  the  Mtxm.  Btith  the  mtenml 
.slmcture  and  exterior  morphology  were 
apparently  tbe  result  of  an  extensive 
early  h isiory  of  act  i vii  > 

Many  sources  have  been  proposed  as 
early  heating  processes.  These  include 
short-lived  radiciutive  elements,  solar 
radiariim  high  temperatures  associated 
with  the  early  nebula,  "»no  energy  of 
gra  'itfltionnl  accretion,  For  any  of  the 
Imter  three  protesses  to  be  effect ive 
tbe  bodies  in  tbe  solar  system  must 
have  Bs>eTnbled  very  quickly,  tirnvila- 
lionai  collapse  of  a gas-d'ist  doud  is  an 
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Schematic  crest  f#cik>n  of  Ihe  Mooo,  showing  the  variations  in  crustal  thickness  required 
to  satisfy  gravity  data  and  the  otfset  position  of  the  center  of  mass  Figure  4 
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aUrartive  way  both  to  Walizt  pr^Ho- 
planet  ant'  materia  i and  To  havt-  iniiiaUv 
high  temperarires.  The  main  problem 
isi  lo  be  able  to  build  planet ar>'  nuclei 
to  a si^e  big  enough  that  they  can  ef- 
festively  scavenge  the  remaining  mate- 
rial  in  iheLr  vidmty. 


The  origin  oi  the  Moon 

Sim^  of  the  obvious  facts 

about  the  Moon  may  also  t)e  among 
the  tnoeit  relevant  for  our  attempts  to 
understand  its  origin.  It  is  small,  light 
and  is  close  lo  a more  massive  body. 
These  simpi?  facts  may  alt  be  related, 
for  it  is  uaiikdy  thar  preplanetary-  prtj- 
cesses  resuhed  in  a single  nucleus  for 
each  of  the  present  planets.  The  ne- 
bula T^robably  evolved  from  a disc  to  a 
sei  es  of  rings;  each  ring  in  turn  col- 
to  a series  of  local  gas-dust  con- 
cenirii’ions  that  collapsed  further  tn 
form  rrotuplanets,  the  building  blocks 
of  the  planets. 

Variations  in  the  eccentricities  and 
inclinations  of  the  orbits  of  protopian- 
ets  at  this  stage  of  development  ensure 
that  they  periodically  approach  each 
other;  encounter  ve.ticifies  between 
bodies  in  a ring  are  low.  and  concen- 
tration rather  than  dispersal  b the  nat- 
ural result.  !t  is  not  difficuh  to  be-^ 
lieve.  although  ceriamly  difficult  lo 
prt  ce.  that  eventually  omj  bixiy  will 
predominate:  the  remaining  bodies  will 
irnpact.  orbit  temporarily  before  im- 
pact. or  orbit  permarjently.  llie  scen- 
ario repeals  tor  those  bodies  in  orbit 
about  the  primary  body.  The  largest 
nucleus,  the  Earth  in  this  case,  grows 
at  the  expense  of  the  smaller  particles 
and.  if  all  this  is  happening  in  a cooh 
in^  nebula,  it  will  inherit  most  of  the 
later.  Uwer-temperature  t^ndensates. 

In  a cording  nebula  of  H>lar  compiTsi- 
lion  the  first  compounds  to  condense 
are  calcium-  aiuminyir*-.  and  tifa' 
nium-rich  oxides,  silicates  and  tiia- 
nates.  These  compourids  comprise  ap- 
proximately of  the  nonvolatile  cfim- 
p^»silion  of  the  nebula,  w'htcb  is  rougnly 
everv'thing  but  hydrogen,  helium,  car- 
b<m  and  that  oxygen  which  is  not  tied 
up  in  the  refractory  compound.^,  ('ar- 
bonaceou^  chfmdriies  are  usually  taken 
as  an  approximation  tr*  the  nonvola- 
tile" content  of  the  nehula.  Pianetesi- 
mals  formed  at  lhi^  fK>ini  will  be  defi- 
cient in  iron,  magnesium,  silicon,  .huI- 
fur,  sodium  and  ptUassium,  all  of 
which  are  still  held  in  the  gaseous 
phase.  Jwdid  particles  will  fapidlv 
concentrate  toward  the  median  plane 
to  accrete  mto  refractory- rich  plane- 
tary- nuclei.  While  ccxding  nif  rhe  ne- 
bula continues,  iron  and  magnesium 
silicates  condense;  these  are  the  m^ist 
iibimdam  comsiiiuents  of  metet^rites 
and  of  I he  terrestnal  planets  The 
larges!  body  at  any  distance  from  ihe 
S'.m  will  obtain  the  major  share  of 
these  later  condensates.  In  this  seen 
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Condensation  tamporatuft  vortus  protaure  in  a nebula  of  soJar  composifion.  \o  illustrate 
f he  bypotbes  i s of  plan  e tar  y for  mation  discu  ssed  i n the  text  { F r om  ref . & . ) F iqor  e 5 


and  be  the  initial  budding  blocks  uf 
the  planets. 


ario  the  Moon  is  one  of  the  original 
smaller  b^Klies  that  avoided  impact 
with,  or  expulsion  by.  the  Earth,  It 
may  also  represent  the  coagulation  of 
many  smaller  b<idies  that  were  trapped 
into  Earth  orbit  from  Earth -crossing 
solar  orbits.  In  this  hypothesis  many 
of  the  satellites  in  the  solar  system 
may  be  more  refractory-  than  their  pri- 
ms^’ bixhes. 

Type  1 and  11  carbonaceous  chon- 
drites contain  alxiut  t0%  of  unque 
white  ind  u s ions . com  jfK»sed  pri  m a rily 
of  exotic  Ca  A1 -rich  minerals  such  es 
gehlenitc,  spinel  and  anorthosite. 
These  inclusions  are  rich  in  barium, 
sinmtmm  and  uranium  and  the  rare- 
rarth  elements,  and  they  havT  most  of 
the  propertie.^i  that  have  been  inferred 
for  the  Mt>i>n.  They  are  also  very  an- 
cient, This  material  together  with 
the  M(H)n,  may  represent  the  most  pri- 
mative  material  in  the  solar  system 
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CHAPTER  X - APOLLO  MISSIONS 
Geology  of  the  Apollo  Landing  Sites:  A Summary'  — L.  Quaide 
Sumntary  of  Scientific  Results  (Reprints) 
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GEOLOGY  OF  THE  APOLLO  LANDING  SITES:  A SUMMARY 

W.  L.  Qiiaide 

Ames  Research  Center,  NASA,  Moffett  Field,  Calif.  94035 


I.  INTRODUCTION 


Tiiis  discussion  is  about  the  geology  of  the  Apollo  sites.  In  it,  findings  at  each  site  are  related 
to  a generalized  picture  of  lunar  geologic  history.  Such  a brief  attempt  as  this  can  be  only  partly 
successful.  It  is  hoped,  however,  that  by  highlighting  the  most  significant  findings,  the  present  state 
of  knowledge  (and  lack  of  knowledge)  can  be  appreciated  more  fully.  For  those  who  wish  to 
follow-up  on  this  subject,  only  one  source  of  information  need  be  consulted  at  the  outset:  publica- 
tions of  the  proceedings  of  the  five  lunar  science  conferences.  These  publications  consi:t  of  three 
volumes,  each  for  every  conference,  and  represent  the  most  thorouglily  documented  studies  of  rock 
suites  ever  assembled. 

For  the  understanding  of  discussions  presented  here,  standard  geological  backgrounds  are 
adequate.  Most  terminology  used  in  lunar  studies  has  been  adapted  from  standard  geoscience  usage. 
Only  a few  specialized  terms  have  grown  from  this  work.  Definitions  of  certain  of  those  terms  are 
given  in  the  appendix. 

II.  THE  APOLLO  SITES 


The  six  Apollo  sites  are  illustrated  in  figure  1.  The  first  three  visited,  11,  12  and  14,  are 
equatorially  located  in  Mare  Tranquillitatis,  Oceanus  Procellarum,  and  in  the  Fra  Mauro  region, 
respectively.  Their  equatorial  position  was  dictated  by  early  mission  safety  constraints.  Their  precise 
locations  within  this  belt  were  selected  partly  on  the  basis  of  surface  characteristics  necessary  for 
landing  and  partly  on  the  basis  of  geological  considerations.  Both  Mare  Tranquillitatis  and  Oceanus 
Procellarum  are  typical  mare  terrains.  They  differ  mainly  in  age  and  composition  of  the  lavas, 
physical  characteristics  of  the  surface  and  regolith  that  are  age  dependent,  and  in  the  character  and 
relative  abundances  of  exotic  components.  Tranquillitatis  basalts  ^re  richer  in  titanium  and  much 
older  than  Procellarum  counterparts  (2.5  to  6,5  X 10®  years  older).  Furthermore,  two  different 
flow  units  were  sampled  in  Tranquillitatis  with  different  ages  (3.65  and  3.8  B.Y.)  and  different 
chemistry  (low  K and  high  K types).  Physical  characteristics  of  the  two  surfaces  differ,  when  large 
areas  are  considered,  in  that  Mare  Tranquillitatis  is  more  densely  populated  with  impact  craters,  has 
a thicker  regolith,  and  contains  more  products  of  impact  (agglutinates)  than  does  Procellarum  — 
facts  that  are  consistent  with  th  ‘ tallization  ages  of  the  rocks.  Exotic  components  are  present  in 
both,  but  for  still  incompletely  k own  reasons,  the  Apollo  1 2 site  contains  an  excess  abundance  of 
these.  Exotic  fragments  in  the  Apollo  1 1 regolith  indicated  that  an  extensive  source  of  anorthosite, 
troctolite,  and  norite  existed  on  the  Moon,  and  it  was  speculated  that  these  rocks  were  characteris- 
tic of  the  lunar  highlands.  Exotic  components  at  the  Apollo  12  site  were  found  to  be  dominated  by 
KREEP  type  material,  often  in  the  form  of  breccias.  The  abundance  of  KREEP  materials  at  this 
locality  may  be  a function  of  provenance  or  it  may  relate  to  the  fact  that  this  site  is  crossed  by  a 
prominent  ray  from  Copernicus.  Some  have  speculated  that  these  materials  represent  Copernicus 
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Figure  1.  ~ Apollo  landing  sites. 
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ejecta,  whereas  others  maintain  that  it  may  have  been  derived  locally  by  large  cratering  events 
that  excavated  material  from  beneath  thin  mare  lavas.  Whatever  the  source  — and  it  now  appears 
to  be  in  debris  marginal  to  Procellarum  or  spread  over  its  surface  — this  material  has  provided 
evidence  of  possible  early  differentiation  of  crustal  material  (4.4  B.Y.). 

The  Apollo  14  site,  in  contrast  lo  Apollos  1 1 and  12  sites,  is  significantly  different  in  that  it  is 
not  located  on  mare  units  but  on  terrain  of  the  Fra  Mauro  Formation,  a unit  thouglit  to  represent 
ejecta,  or  intermixed  locally  derived  material  and  ejecta,  from  the  Imbrium  Basin.  Samples  collected 
are  dominated  by  a class  of  annealed  polymict  breccias  containing  fragments  of  noritic  breccias, 
micronorites,  anorthosites,  troctolites,  olivine-rich  microbreccias,  and  a few  basalts.  It  is  conceded 
that  these  samples  were  derived,  at  least  in  part,  from  a complexly  cratered  pre-lmbrium  terrain 
containing  an  abundance  of  impact  breccias  (and  some  basalts)  enriched  in  siderophile  elements, 
unlike  post-mare  impact  debris  which  perhaps  are  derived  from  impacting  iron-rich  planetesimals. 
Studies  of  these  samples  have  provided  extensive  evidence  that  early  crystalline  rocks  were  rich  in 
anorthosite,  norite,  and  troctolite,  that  they  had  been  extensively  modified  by  impact  processes 
prior  to  the  Imbrium  event,  and  that  the  Imbrium  impact  occurred  between  3.9  and  3.95  B.Y.  ago, 
resetting  the  radioactive  clocks  of  the  ejected  debris.  Whether  or  not  the  thermal  metamorphism  of 
the  Fra  Mauro  rocks  occurred  before  or  after  the  Imbrium  event  is  debated.  Evidence  appears 
strongest  that  the  deposits  were  annealed  after  deposition  at  the  Fra  Mauro  site. 

Apollo  missions  15,  16,  and  17  were  more  explorative  in  nature  than  previous  ones  with  the 
selection  of  sites  based  on  geologic  and  geophysical  criteria.  The  Apollo  15  site  was  selected  to 
sample  both  Imbrium  mare  material  in  the  vicinity  of  a sinuous  rille  and  Apennine  Front  material, 
thought  to  represent  deep  ejecta  from  the  Imbrium  Basin.  The  Apollo  16  sitp  in  the  Cayley  Plains  of 
the  highlands  was  selected  to  study  what  was  thought  at  that  time  to  be  highland  volcanic  products. 
The  Taurus-Littrow  site  of  Apollo  17  was  chosen  to  sample  juxtaposed  Serenetatis  ejecta  and 
mare-like  fill  thought  to  be  extremely  youthful.  Although  premission  criteria  turned  out  faulty,  a 
wealth  of  information  was  obtained  from  these  explorations.  Studies  at  Hadley  (Apollo  15)  revealed 
that  the  age  of  the  last  basaltic  activity  in  that  area,  3.3  B.Y.,  and  the  composition  of  the  lavas  were 
more  like  Procellarum  rocks  than  I^ke  Tranquilli».atis  lavas,  and  that  the  mare  there  was  composed  of 
a sequence  of  flows  with  thickness  tens  of  meters.  A volcanic  origin  of  the  rille  was  not  proven 
but  strongly  supported  by  the  visual  sudies.  Components  of  the  Apennine  Front  were  found  to  be 
enriched  in  anothosites,  troctolites,  and  norites  - a finding  which  confirms  earlier  less  direct 
evidence  that  these  rocks  are  characteristic  of  the  highlands  and  premare  crustal  materials.  Again,  a 
confirmation  of  the  3.9—3.95  B.Y.  age  of  the  Imbrium  event  wa>  obtained,  and  resetting  of  atomic 
clocks  was  found  to  be  the  rule.  One  anorthosite  fragment,  that  apparently  survived  impact  reset- 
ting of  the  clock,  was  found  with  a crystallization  age  of  4.1  B.Y. 

The  mission  to  the  Cayley  Formation  site  in  the  highlands  (Apollo  16)  revealed  that  these 
deposits  are  not  volcanic  plains  but  are  accumulations  of  highland-type  breccias  with  reset  atomic 
clocks.  Initial  considerations  of  their  origin  suggested  that  they  may  have  been  derived  from  the 
Imbrium  or  Orientale  Basins.  Recent  studies  suggest  strongly,  however,  that  these  often  higlily- 
shockeu  breccias  were  derived  locally  through  long  periods  of  time  but  with  significant  quantities  of 
debris  having  been  produced  locally  by  heavy,  temporally  restricted  bombardment  by  secondary' 
projectiles  produced  by  the  Imbrium  impact. 
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The  mission  to  Taurus-Littrow  (Apollo  17)  revealed  that  lavas  there  were  not  youthful,  nor 
was  a youthful  mantle  of  volcanic  ejecta  found  as  suspected*  but  rather  were  comparable  in  age  «.  id 
compostion  to  Tranquillitatis  basalts.  Studies  of  returned  samples  also  demonstrated  that  Serenitatis 
ejecta  proved  to  be  similar  compositionally  to  Imbrium  ejecta  and  similar  in  age  (about  3.97  B.Y.) 
although  Serenitatis  is  one  of  the  oldest  of  the  mare  basins.  Relative  ages  of  formation  of  the  major 
mare  basins  based  on  superpositional  evidence  arc,  oldest  to  youngest,  Fecunditatis,  Serenitatis, 
Nectaris,  Humorum,  Crisium,  Imbrium.  and  Orientale.  The  near  simultaneity  of  fonnation  of 
Serenitatis  and  Imbrium  Basins  implies  the  nearly  simultaneous  formation  of  all  and  is  strong 
evidence  of  either  a cataclysmic  bombardment  within  a period  of  10®  years  at  about  3.95  B.Y.  ago, 
or  a termination  of  a set  of  conditions  at  that  time  which  has  almost  completely  obliterated 
evidence  of  more  ancient  history. 

Relative  to  the  bombardment  history,  an  approximate  reconstruction  is  possible  based  on 
crater  frequencies  in  deposits  of  known  crystallization  age.  This  reconstruction  is  presented  in 
figure  2 where  the  cratering  rate  is  estimated  relative  to  the  present.  The  main  points  of  these  data 
are  that  the  early  flux  was  extremely  high  and  that  maria  flooding  took  place  during  a time  when 
flux  was  changing  rapidly.  The  slope  of  the  cratering  rate  (Hartmann,  1970),  in  fact,  suggests  that 
the  population  of  producing  bodies  has  a half  life  of  1 0®  years,  suggesting  that  they  were  solar 
orbiting,  low  eccentricity  planetesimals  with  impact  velocities  in  the  range  2—10  km/sec. 
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Figure  2.-  Links  in  the  chain  of  lunar  events. 
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The  igneous  history  of  the  Moon,  shown  minimally  in  figure  2,  is  reconstructed  in  more  detail 
in  figure  3 along  with  a model  that  has  been  proposed  to  account  for  known  facts  (McConnell  and 
Cast,  1971).  The  most  significant  points  of  the  model  are  that,  to  account  for  all  known  geological, 
geochemical,  and  geophysical  aspects,  it  had  to  be  assumed  that  the  Moon  accreted  inhomoge- 
neously  and  that  surface  melting  gradually  progressed  to  deeper  levels.  Aspects  of  the  model  and 
other  significant  points  not  discussed  here  will  be  considered  at  length  in  the  formal  presentation. 


Figure  3.  - Igneous  history  of  the  Moon. 
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APPENDIX 


LUNAR  SCIENCE  TERMINOLOGY 


Most  of  the  terminology  u‘  ed  in  lunar  science  is  straightforward  and  easily  recognizable  by  all 

geoscientists.  There  are  a few  terms  that  are  unique  to  lunar  or  meteoritic  studies,  however,  the 

most  common  of  which  are  listed  below. 

Agglutinate  • - delicately  branching  assemblages  of  fragments  cemented  by  crusts  and  filaments  of 
glass.  Found  in  lunar  “soils”  and  considered  to  be  products  of  meteoritic  impacts. 

Ballistic  transport  — process  by  which  particles  are  launched  into  ballistic  trajectories  by  cratering 
processes  and  transported  across  the  surface,  the  major  form  of  transport  on  the  Moon. 

Chondrule  - a spheroidal  body  (miilirncter  sized)  often  radially  crystallized,  consisting  chiefly  of 
olivine  and 'or  orthopyroxene,  and  occurring  in  many  stony  meteorites  and  lunar  “soils”  and 
breccias. 

Cosmogenic  nuclide  — a nuclide  (such  as  Na^-,  AF®,  etc.)  produced  by  the  action  of  cosmic 
radiation  (very  high  energy  sub-atomic  particles,  e.g.,  atomic  nuclei). 

Exotic  - a straightforward  use  of  a common  term  to  describe  certain  panicles  in  lunar  “soil” 
thought  to  have  been  formed  in  regions  distant  to  the  site  where  found. 

Exposure  age  — the  length  of  time  a rock  or  particle  has  existed  at  or  near  the  lunar  surface  during 
which  time  it  has  been  subjected  to  the  various  processes  by  which  exposure  age  is  determined. 

Fines  — a term  describing  the  less  than  one  centimeter  fraction  of  lunar  “soil.”  Coarse  fi..es  refers  to 
the  1-cm  to  1-mm  fraction.  Fine  fines  refers  to  the  less  than  1-mm  fraction. 

Galactic  cosmic  rays  — very  high  energy  sub-atomic  particles  from  galactic  sources  (non-solar 
sources). 

Highland  terrain  - the  higher,  older  portions  of  the  lunar  surface  (contrasted  to  maria),  now 
thought  to  be  compositionally  distinct  from  maria.  Also  called  Terrae. 

Impactite  — a glassy  to  finely  crystalline  material,  often  vesicular,  produced  by  fusion  or  partial 
fusion  of  target  rock  by  heat  generated  from  the  impact.  Impactites  are  composed  typically  of 
mixtures  of  melt  and  rock  fragments  and  sometimes  contain  traces  of  meteorite  material. 

Impact  metamorphism  — a type  of  shock  metamorphism  in  which  the  shock  waves  and  the  observed 
changes  in  rocks  and  minerals  result  from  the  impact  of  a body  such  as  a meteorite. 

KREEP  - an  acronym  applied  to  a group  of  rocks  found  in  lunar  samples  that  ar  enriched  in 
potassium  (K),  rare  earth  elements  (REE),  and  phosphorus  (P). 
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Mure  - one  of  several  dark,  lowdying,  level,  relatively  smooth,  plains-like  arees  of  considerable 
extent  on  the  surface  of  the  Moon,  now  known  to  consist  of  basic  lavas  overlain  by  a frag- 
mental soil-like  layer,  the  regolith. 

Mascon  — a large-scale,  high  density,  lunar  mass  concentration. 

Microbreccia  - a terrestrial  mck  term  applied  to  lunar  ro^xs  characterized  by  clastic  texture, 
thought  to  be  the  produci  of  impact  fragmentation  and  lithificatton.  Several  types  are  recog- 
nized according  to  composition,  type  of  component  clasts,  state  of  aggregation  or  degree  of 
metamorphisni. 

Microcrater  - small  craters,  generally  less  than  few  mm  to  micron  size  found  on  surfaces  of  mineral 
grains  and  rocks  that  have  existed  at  the  lunar  surface.  Sometimes  called  n icrometeorite 
craters  or  zap  pits. 

Micrometeorite  - a very  small  meteoritic  particle  (diameter  < 1 mm). 

Particle  tracks  - tracks  left  in  minerals  or  other  media  by  the  p''  .age  of  higlily  energeti  particic:». 
In  lunar  samples,  tracks  result  from  radioactive  decay  of  natural  radioactive  atomr.  and  from 
passage  of  galactic  and  solar  particles. 

Plane tesimals  - large  bodies  of  the  solar  system,  but  less  than  planet  size. 

Ray  ( crater  ray)  - long,  relatively  briglit  streaks,  loops  or  lines  that  radiate  from  lun  craters. 

Rcgolith  - an  old  term  that  has  been  applied  to  lunar  geology  in  the  strict  sense:  the  entire  layer  or 
'^antle  of  fragmental  and  loose  (incoherent  or  unconsolidated)  rock  material,  of  whatever 
origin,  and  of  very^  varied  character  that  nearly  everywhere  forms  the  surface  of  the  land  and 
overlies  or  covers  the  more  coherent  bedrock. 

Rille  - trench-like  valleys  on  the  Moon’s  surface.  Rilles  are  subdivided  according  to  plan  shapes  as 
straight  or  arcuate  (both  of  which  are  long  and  narrow,  probably  tectonic  in  origin),  sinuous 
(generally  found  on  lava  surfaces  and  thought  to  be  lav':  channels  or  collapsed  lava  tubes)  or 
irregularly  branching  (in  large,  lava-filled  craters  where  the  rilles  apparently  results  from  frac- 
turing). 

Ringed  basin  - large,  crater-form  basins  such  as  the  Imbrium  Basin,  Crisium  Basin,  etc.,  on  the  lunar 
surface  that  contain  one  or  more  topographic  rings  outside  the  basin.  They  are  thouglit  to 
represent  scars  of  ancient,  impact,  low-velocity  planetesimals. 

Second 'ry  crater  - crater  produced  by  a projectile  ejected  from  a (primary)  crater  produced  by  the 
impact  of  a meteoroid. 

Shock  metamorphisni  - synonymous  with  impact  metamorphism  for  lunar  cases  where  metamor- 
phism is  accomplished  by  the  passage  of  a shock  wavf^. 
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Smooth  plains  — lunar  terrain  in  highland  depressions  in  highly  cratered  (not  mare)  areas  character- 
ir.Cd  by  relatively  smooth  surfaces.  Smooth  plains  are  now  considered  to  consist  of  accumula- 
tions of  impact  ejecta. 

olar  flare  — flare  of  the  Sun,  particularly  of  interest  to  lunar  geology  in  that  solar  flares  produce 
xtremely  hi^  quantities  of  highly  energetic  sub-atomic  particles  that  strike  the  lunar  surface. 

'olar  wind  - the  motion  of  interplanetary  plasma  or  ionized  particles  away  from  the  Sun. 
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Summary  of  Scientific  Remits 

\V.  N.  Hess  and  A.  /.  Calio 


The  scie./.ific  objectives  of  the  Apollo  11  mis- 
sion, in  order  of  priority,  were  the  foHouing: 

( 1 ) To  collect  early  in  the  extiavehicuiar  ac- 
ti\ity  (EVA)  a sample,  called  the  contingency' 
sample,  of  approximately  1 kg  of  lunar  surface 
material  to  insure  that  some  lunar  materia!  would 
be  returned  to  Earth. 

(2)  To  fill  rapidly  one  of  the  two  sampL*  re- 
turn containers  with  approximately  10  kg  of  the 
lunar  mateiial,  called  the  bulk  sample,  to  insure 
the  return  of  an  adequate  amount  of  material  to 
meet  the  nee  is  of  the  principal  investigators. 

(3)  To  deploy  three  expeiim^nts  on  the  lunar 
surface: 

(a)  A passive  seismometer  to  study  lunar 
seismic  e%*e«ts.  the  Passive  Seismic  Experiment 
Package  (PSEP 

(b)  An  optical  comer  reflector  to  study 
lunar  librations,  the  Laser  Ranging  Retroreflector 
(LRHR) 

(c)  A solar-wind  composition  (SWC)  ex- 
periment to  measure  the  types  and  energies  of 
the  sola*"  wind  on  trhe  lunar  suiface 

4)  To  fill  the  second  sample  return  container 
with  carefully  selected  lunar  material  placed  into 
the  local  geologic  context,  to  drive  two  core  tubes 
into  the  surface,  and  t*  > return  the  tubes  with  the 
sLatigraphically  t rgani-’'  J maierial,  called  the 
documented  sample. 

During  these  tasks,  pl.otographs  of  the  surface 
were  to  be  taken  using  a ""O-mm  Hasselblad  cam- 
era and  a close  stereosc  *pic  eamera  ( the  Apoilo 
Lunar  Surface  Closeup  C unera  (ALSCC) ).  The 
scientific  tasks  and  a variety  ot  other  tasks  were 
planned  for  a 2-hr  and  40-min  time  period. 

According  to  mission  pla  is.  the  time  allotted 
for  the  collection  of  the  c.\>cumented  s^imple, 
which  had  the  lowest  priority,  would  be  short- 
ened if  time  'vere  insufErienl.  AP  the  scientific 
tasks  were  completed  salisfa  't!>ril’%  all  instru- 


ments were  deployed,  and  appro.ximately  20  kg 
of  lunar  material  were  returned  to  Eaith.  The 
documented-sample  period  w'as  extremely  short, 
however,  and  samples  collected  during  this 
period  were  not  carefully  photographed  in  place 
or  documented  in  other  u^ays. 

Nature  of  the  Lunar  Surface 

The  Apollo  11  lunar  module  (LNf ) landed  in 
the  southwestern  part  of  Mare  Tranquillitatis, 
approximately  50  km  from  the  closest  highland 
material  arid  approximately  400  m west  of  a 
sharp-rimmed  blocky  crater  approximately  180  m 
in  d .meter.  Rays  of  ejecta  from  this  crater  ex- 
tend past  the  landing  site.  Rays  from  more  dis- 
tant craters,  including  the  crater  Theophilus,  are 
also  in  the  landing  region. 

S irface  material  at  the  landing  site  consists  of 
unsorted  fragmental  debris  ranging  in  size  from 
appioximately  1 m to  microscxipic  particles,  which 
me.xC  up  the  majority  of  the  material.  Tliis  debris 
layer,  the  regolith,  is  approximately  5 m thick  in 
the  region  near  the  landing  site,  as  judged  by 
the  blockiness  of  material  near  various-sized 
craters. 

The  soil  on  the  lunar  surface  Is  weakly  cohe- 
sive, as  shown  by  the  ability  of  the  soil  to  stand 
on  vcrtir^il  slopes.  The  fine  grains  tend  to  stick 
together,  procluding  clods  of  material  that  cnim- 
pled  under  the  astronauts*  boots.  Tlie  depth  of 
the  astronauts*  footprints  and  the  penetration  ot 
the  I * I landing  gear  correspond  to  static  bearing 
pressures  of  approximately  1 psi.  The  surfaces 
\ ?re  relatively  soft  to  depths  of  5 to  20  cm.  Deeper 
than  these  dq)tlis,  the  resistance  ot  the  material 
to  pcnctraJion  increases  cx>nsidcrably.  In  general, 
the  lunar  soil  at  the  landing  site  was  similar  in 
appearanc'C,  behavior,  and  mechanical  properties 
to  the  .soil  encountered  at  the  Surxxyor  equatorial 
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landing  sites.  Although  the  lunar  soil  differs  con- 
siderably in  composition  and  in  range  of  particle 
siiapos  from  a terrestrial  soil  of  the  same  particle- 
size  distribution,  the  lunar  soil  dot's  not  appoar  to 
differ  significantly  from  similar  terrestrial  soil  in 
mechanical  behaxior. 

Both  roundt'd  and  angular  rocks  appear  on  the 
surface  in  profusion.  .All  degrei's  of  burial  are 
piresint,  and  fillets  on  the  sides  of  rocks,  caused 
by  the  p>o\vder\*  surface  material  being  piled  up 
by  some  erosional  process,  were  common.  M least 
three  of  the  rocks  returned  to  Eartli  have  been 
identified  in  photographs  of  the  lunar  surface.  On 
what  app>ears  to  be  the  uppx*r  surface  of  se\eral 
rocks,  a thin  rind  of  alteret!  material  approxi- 
mately 1 mm  thick  is  found.  This  rind  is  lighter 
colored  than  the  remainder  of  the  rock  and  ap- 
px'ars  to  be  caused  by  shattering  of  mineral  grains. 

One  outstanding  feature  of  the  surfaces  of  the 
rocks  returned  to  Earth  is  the  existence  of  sev  - 
eral glass-lined  pits  1 mm  or  smaller  in  diameter. 
Th«e  glass-lined  pits  appx^ar  only  on  the  sur- 
faces of  rucks.  ( More  of  these  pits  are  observed 
on  the  top  surfaces  of  rocks  v^  ith  known  orienta- 
tions.) Quite  clearly,  these  pits  are  of  external 
origin.  The  glass  overlaps  of  the  surface  of  the 
rock  and  the  resulting  features  clearly  resemble 
hv*p>erveIocitv*  impact  craters.  However,  the  pits 
do  not  resemble  craters  made  in  the  laboratorv* 
by  hvp.  rvcIocitv'  particles,  and  the  origin  of  the 
pits  is  presently  unknown. 

The  most  interesting  and  unexp>ected  surface 
features  discovered  and  photographed  by  the 
astronauts  are  glassy  patches  on  the  lunar  sur- 
face that  are  described  by  the  astronauts  as  re- 
sembling drop>s  of  solder.  These  patches  were 
observed  only  inside  several  raised-rim  craters 
approximately  1 m in  diameter.  These  glassy 
blebs  may  be  formed  by  low-velocity  molten  ma- 
terial splattering  into  the  craters,  or  thev'  may 
be  formed  from  materird  that  has  been  melted 
in  place.  The  section  of  tlv's  document  entitled 
‘'Lunar  Surface  Closeup  Stereoscopic  Photog- 
raphy” presents  an  interesting  theorv'  of  the  ori- 
gin of  the  blebs,  ba.sed  on  radiation  heating.  This 
theory  postulates  that  within  the  last  100  000 
years,  the  Sun  had  a superflare  or  mininova  event 
that  heated  the  lunar  surface  to  a temperature 
that  caused  material  inside  the  craters  to  melt, 
but  did  not  cause  surface  material  to  melt.  Ac- 


cording to  the  theorv',  the  reason  tliat  material 
inside  the  craters  melted  while  surface  material 
did  not  is  that  a focusing  effect  caused  the  tem- 
IX'rature  inside  the  cr:»ters  to  increase  This  radia- 
tion-lieating  theorv*  is  certainly  not  yet  proved, 
but  no  other  plausible  theories  have  been  ad- 
vanced to  explain  the  blebs'  being  located  only- 
in  the  bottoms  of  craters.  None  of  the  blebs 
photographed  by  the  astronauts  were  returned 
in  the  sample  containers,  and  no  blebs  have 
been  identified  in  the  samples. 

The  Passive  Seismic  Experiment 

Since  the  time  of  the  Ranger  1 mission,  scien- 
tists have  been  try  ing  to  land  a seismometer  on 
the  surface  of  the  Moon  to  search  for  moon- 
quakes.  Successful  operation  of  a seismometer 
is  extremely  important  for  understanding  of  the 
internal  stnicture  of  a planet  and  to  a search  for 
possible  layering  or  discontinuities.  On  the  Apollo 
11  mission,  a seismometer  was  placed  on  the 
surface  of  the  Moon,  and  the  instrument  oper- 
ated satisfactorily  for  21  days.  The  instniment 
contained  four  separate  components.  Three  long- 
period  (LP)  (approximately  lo-sec  resonance) 
seismometers  vv^re  alined  orthogonally  to  meas- 
ure surface  motion  both  horizontally  and  verti- 
cally. \ single-axis,  short-period  (SP)  seismom- 
eter, with  a res.mant  period  of  approximately 
1 sec,  measured  vertical  motion.  The  system  had 
tilt  adjustment  motors  to  level  the  sy*stc*m  upon 
command  from  Earth.  The  instrument  was  de- 
ployed on  the  lunar  surface  approximately  16  m 
from  the  LM  and  was  turned  on  while  the  astro- 
nauts were  on  the  lunar  surface.  Signals  were 
received  vvhen  the  crcwinen  climbed  the  LM 
ladder,  usetl  a hammer  to  pound  on  the  core 
tubes,  and  jettisoned  equipment,  including  the 
portable  life  support  systems  (PLSS). 

Actual  maximum  instrument  temperature  ( ap- 
proximately 190^  F)  exceeded  the  planned  maxi- 
m!im  instrument  temperature  by  approximately 
50^  F.  Even  at  this  ele\*ated  temperature,  the 
instrument  worked  satisfactorily  during  the  first 
lunar  day  and  during  part  of  the  second.  How- 
ever, near  noon  of  the  second  lunar  day,  the 
instrument  no  longer  accepted  commands  from 
Earth  stations;  therefore,  the  experiment  was 
terminated. 
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The  LM  appears  to  have  been  a rich  source  of 
seismic  noise.  One  class  of  repeating  signals  of 
nearly  identical  structure  that  was  obserxed 
gradually  died  out  over  a period  of  many  Earth 
days.  These  signals  seem  to  be  related  to  events 
on  the  LM  such  as  fuel  venting,  valve  chatter, 
or  other  mechanical  motion.  The  signals  had  a 
dominant  frequency  of  7,2  Hz  before  LM  ascent 
and  of  8.0  Hz  following  ascent.  These  frequen- 
cies appear  to  be  characveristic  frequencies  of 
the  LM  structure. 

Sever* I exents  showing  dispersion  and  having 
the  appearance  of  surface  xvaxes  xvere  detected 
on  the  I.P  seismometers.  These  xvave  trains  often 
occurred  simultaneously  xxith  a series  of  pulses 
on  the  SP  seismometer.  It  is  not  yet  certain,  but 
these  waves  are  probably  not  the  result  of  real 
seismic  events  but  are  of  instrumental  origin. 

Several  other  classes  of  exents  of  unknoxxm 
origins  were  obserxed.  The  folloxving  are  pos- 
sible source  mechanisms  for  these  obserxed  seis- 
mic signals: 

( 1 ) Venting  gases  from  the  LM  and  circulat- 
ing fluids  xvithin  the  LM 

(2)  Thermoelastic  stress  relief  xxithin  the  LM 
and  the  PSEP 

(3)  Meteoroid  impacts  on  the  LM,  the  PSEP, 
and  the  lunar  surface 

( 4 ) Displacement  of  rock  material  along  steep 
crater  slopes 

(5)  Moonquakes 

(6)  Instrumental  efifects 

It  is  unclear  whether  any  of  the  received  sig- 
nals were  actually  of  lunar-seismic-ex  ent  origin. 
One  of  the  most  important  results  of  the  PSEP 
is  the  discovery  that  the  background  noise  level 
on  the  Moon  is  extremely  low.  At  frequencies 
from  0.1  to  1 Hz,  the  background  seismic-signal 
level  for  vertical  surface  motions  is  less  than 
0.3  mfiiti.  This  level  is  from  100  to  10  000  times 
less  than  average  terrestrial  background  levels 
in  the  frequency  range  of  0.1  to  0.2  Hz  for  micro- 
seisms. Continuous  seismic  background  signals 
from  10  to  30  m/xm  were  observed  on  the  records 
of  the  horizontal  seismometers.  These  signals 
decreased  considerably  near  lunar  noon  and  may 
have  been  due  to  lunar  surface-temperature 
changes  which  tilted  the  instrument. 

Of  the  many  seismic  signals  recorded,  several 
were  produced  by  the  LM.  Many  of  the  signals 


may  be. a result  of  real  seismic  events  and  may 
be  generated  by  moonquakes,  impact  events,  or 
movement  of  surface  rocks.  Hoxvever,  none  of 
the  events  can  be  clearly  identified  as  real,  and 
none  of  the  obserxed  signals  has  patterns  nor- 
mally obserxed  on  recordings  of  seismic  actixi- 
ties  occurring  on  Earth.  Clearly,  the  Moon  is  not 
a very’  seismic  body.  Artificial  seismic  sources, 
such  as  the  impact  on  the  lunar  surface  of  the 
Saturn  IVB  stage  or  the  spent  LM  ascent  stage, 
xx-ill  be  useful  for  future  lunar  seismometers. 

Laser  Ranging  Retroreflector 

The  LRRR  consists  of  an  array  of  finely  ma- 
chined quartz  comers  depbyed  on  the  lunar  sur- 
face and  aimed  at  the  Earth.  The  array  is  used 
as  a reflector  for  terrestrial  lasers.  By  measuring 
the  distance  from  the  laser  to  the  reflector,  small 
changes  in  the  motion  of  the  Moon  or  the  Earth 
can  be  measured.  The  goal,  when  the  system  is 
!“ully  operational,  is  an  uncertainty  of  15  cm 
(6  in.).  The  LRRR  xvill  alloxv  studies  to  be  con- 
ducte^l  on  ( 1 ) the  librations  of  the  Moon,  both 
in  latitude  and  longitude,  (2)  the  recession  of 
the  Moon  from  the  Earth  caused  either  by  tidal 
dissipation  or  by  a possible  change  in  the  graxi- 
tation  constant,  and  (3)  the  irregular  motion  of 
the  Earth,  including  the  Chandler  xvobble  of  the 
pole.  The  amplitude  of  the  Chandler  xvobble 
seems  to  vary'  in  time  xxith  relation  to  major 
earthquake  events. 

On  the  same  day  the  LRRR  xvas  deployed  satis- 
factorily on  the  surface  of  the  Moon,  attempts 
xvere  made  to  range  on  the  reflector  from  the 
Lick  Obserxatory  in  California  and  from  the 
McDonald  Obserxatory’  in  Texas.  Some  time  xvas 
required  for  the  ranging  attempts  to  be  success- 
ful because,  initially,  there  xvas  some  uncertainty 
as  to  the  location  of  the  landing  site.  After  a fexv 
days,  this  problem  xvas  solved,  but  ground-instru- 
ment difficulties  and  xx'eather  problems  caused 
further  delays.  In  approximately  a xveek,  both 
obserx  atories  had  receix’cd  signals  reflected  by 
the  LRRR.  The  signals,  although  xveak,  xvere 
clearly  identifiable.  By  using  this  technique,  the 
distance  to  the  Moon  from  the  Earth  has  been 
measured  to  an  accuracy  of  approximately  4 m. 
It  should  be  noted  that  the  distance  to  the  NIoon 
is  actually  uncertain  to  a fexv  hundred  meters 
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because  of  uncertainties  in  the  velocity  of  light. 
However,  the  distance  expressed  in  light  seconds 
is  accurate  to  approximately  one  part  in  10®, 
which  is  consistent  with  the  4-m  accuracy  dis- 
cussed previously. 

The  LBRR  experiment  will  continue  for  months 
or  years  before  final  data  are  obtained  on  many 
of  the  detailed  measurements  to  be  undertaken. 

The  Solar-Wind  Composition  Experiment 

For  some  time,  direct  measurements  have  been 
made  of  the  solar  wind,  ejiablishing  the  presence 
of  approximately  5 perce  nt  helium  ions  in  the 
solar- wind  stream,  whiA  is  composed  predomi- 
nantly of  protons.  The  solar  uind  is  expected  to 
contain  many  heavier  ions,  probably  representa- 
tive of  solar  composition,  but  no  direct  measure- 
ments of  these  hea\ier  species  have  yet  been 
made.  It  now  seems  quite  likely  that  the  rare  gas 
measured  in  the  powdery  lunar  samples  is  of 
solar-wind  origin,  but  this  rare-gas  source  may 
be  confused  with  other  gas  sources.  The  meas- 
ured rare  gas  represents  an  integration  of  the 
solar  wind  into  the  soil  over  a period  of  many 
millions  of  years. 

An  experiment  was  conducted  during  the 
Apollo  11  mission  to  measure  heavier  elements 
in  the  solar  wind  directly,  A thin  aluminum  foil 
of  4000  cm^  was  deployed  on  the  surface  of  the 
Moon  facing  the  Sun.  The  solar-wind  particles 
were  expected  to  penetrate  approximately  10“^ 
cm  into  the  foil  and  to  be  firmly  trapped  there. 
The  foil  w^as  collected  after  77  min,  placed  inside 
one  of  the  sample-return  containers,  and  brought 
to  the  NASA  Manned  Spacecraft  Center  (MSC) 
Lunar  Receiving  Laborator>*  (LRL). 

Approximately  1 ft^  of  the  foil  was  removed 
in  the  LRL,  sterilized  by  heat  at  125^  C for  39  hr, 
and  sent  to  Switzerland  for  analysis.  Several  small 
pieces  of  the  foil,  each  approximately  10  cm^ 
were  cleaned  by  ultrasonic  methods,  and  the 
noble  gases  were  then  extracted  for  analysis  in  a 
mass  spectrometer.  Helium,  neon,  and  argon 
were  found,  and  their  isotopic  composition  was 
measured.  The  results  correspond  generally  to 
solar  abundances  and  are  clearly  nonterres- 
triah  More  complete  results  will  be  presented 
when  the  major  portion  of  the  foil  has  been 
analyzed. 


The  Lunar  Samples 

Of  the  22  kg  of  returned  lunar  material,  11  kg 
are  rock  fragments  larger  and  11  kg  are  smaller 
than  1 cm  in  siz.?.  This  material  may  be  divided 
into  the  following  four  groups: 

Type  A — fine-grained  vesicular  crystalline 
igneous  rock. 

Type  B — medium-grained  crystalline  igneous 
rock. 

Type  C — breccia. 

Type  D — fines  (less  than  1 cm  in  size). 

The  crystalline  rocks  contain  mineral  assem- 
blages, cry^stal  sizes,  and  gas  cavities,  indicating 
that  the  rocks  were  crystallized  from  lavas  or 
near-surface  melts.  It  is  uncertain  whether  the 
lavas  were  impact  generated  or  of  internal  origin. 
Twenty  crystalline  rocks  were  found  in  the  re- 
turned sample,  10  rocks  of  type  A and  10  of 
type  B.  Individual  rocks  weighed  up  to  919  g. 
The  t>’pe  A rocks  contain  vesicles  of  1 to  3 mm 
in  diameter  faced  with  brilliant  crystals.  (Most 
vesicles  are  spherical  but  some  are  ovate. ) There 
are  also  irregular  cavities,  or  vugs,  into  which 
cry  stals  and  other  groundmass  minerals  project. 
The  percentages  of  the  minerals  present  in  type 
A rocks  are  clinopyroxene,  53  percent;  plagio- 
clase,  27  percent;  opaques  (including  abundant 
ilmenite,  minor  troilite,  and  native  iron),  18  per- 
cent; and  other  translucent  phases,  and  a minor 
amount  of  olivine,  2 percent.  Except  for  the  high 
content  of  opaques,  which  reflects  the  high  iron 
and  titanium  content,  the  mineralogy  and  chem- 
istry of  the  rocks  resemble  terrestrial  olivine- 
bearing basalts. 

The  dark-brownish-gray  speckled  type  B rock 
is  granular  in  texture  and  generally  resembles 
terrestrial  microgabbros.  The  grain  sizes  are  from 
0.2  to  3 mm.  The  percentages  of  minerals  in  type 
B rocks  are  as  follow's:  clinopyroxene,  46  percent; 
plagioclase,  31  percent;  opaques  (mainly  ilmen- 
ite), 11  percent;  cristobalite,  5 percent;  and  other 
minerals,  7 percent.  No  olivine  is  present  in  type 
B rocks.  Other  unidentified  minerals  have  been 
found.  The  complete  absence  of  hydrous  mineral 
phases  in  type  A or  type  B rocks  and  the  pres- 
ence of  free  iron  places  a low  limit  on  the  amount 
of  water  present  in  the  melt  from  which  the 
rocks  crystallized.  The  water  content  in  the  lunar 
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material  is  considerably  lower  than  the  water 
content  in  terrestrial  basalts. 

All  the  breccias  are  mixtures  of  fragments  of 
different  rock  types  similar  to  t\pe  A or  type  B 
rocks  and  are  mixtures  of  angular  fragments  and 
sphericles  of  glass  cf  a \*ariety  of  colors  and  a 
variety  of  indices  ot  refraciion.  Exidence  of 
strong  shock  is  present  in  many  type  C rocks. 
These  rocks  var\^  from  being  xer\’  friable  and 
soft  to  being  as  hard  as  the  crystalline  rocks. 
Evidence  points  to  the  breccias  being  formed 
by  shock  cementing  or  by  lithification  of  the 
powdery  lunar  surface  material.  Both  techniques 
of  breccia  formation  are  probably  the  result  of 
impact  events. 

Fines  were  returned  to  Earth  in  the  bulk- 
sample  container  and  in  the  core  tubes.  The  core 
tubes  showed  no  stratification  of  fines,  and  the 
material  was,  in  geneial,  similar  to  the  bulk- 
sample  fines.  The  type  D material  consists  of  a 
variety’  of  glasses,  plagioclase,  clinopyroxene, 
ilmenite,  and  olivine.  A few  Ni-Fe  spherules  up 
to  1 mm  in  diameter  were  found.  Glasses,  which, 
make  up  approximately  50  percent  of  type  D 
material,  are  of  three  types:  ( 1 ) vesicular,  glob- 
ular dark-gray  fragments;  (2)  pale  or  colorless 
angular  fragments  with  refraction  indices  of  ap- 
proximately 1.5  to  1.6;  and  (3)  spheroidal,  ellip- 
soidal, dumbbell-shaped,  and  teardrop-shaped 
bodies.  Most  of  these  glass  types  are  smaller  than 
0.2  r.im  and  range  in  color  from  red  to  brown  to 
green  to  yellow  with  refraction  indices  ranging 
from  1.55  to  1.8.  Unlike  most  terrestrial  magnetic 
glasses,  many  single  glass  particles  arc  inhomo- 
geneous. Like  the  Ni-Fe  sph?rules,  the  type  3 
rounded  glass  bodies  seem  to  indicate  melting 
induced  by  strong  shock.  In  fact,  evidence  for 
shock  is  common  in  the  fines  and  in  the  breccias. 
However,  only  a few  crystalline  rocks  show  evi- 
dence of  strong  shock  in  places  other  than  near 
the  surface  pits. 

A chemical  analysis  of  several  samples  of  all 
four  types  of  glass  was  made  using  optical  emis- 
sion spectroscopy.  A few  samples  were  also  ana- 
lyzed using  atomic  absorption  procedures.  All 
four  types  of  lunar  material  samples  have  been 
studied,  and  all  type : appear  to  be  quite  similar 
chemically.  There  is  no  similar  material  common 
on  Earth.  Several  of  the  refractory  metals  are 
very  prominent.  On  Earth,  a deposit  containing 


from  5 to  10  percent  titanium  is  rare  and  might  be 
considered  a titanium  mine.  Zirconium,  yttrium, 
and  chromium  are  also  present  in  amounts  sub- 
stantially larger  than  might  be  expected  in 
terrestrial  basalts. 

Another  characteristic  of  the  samples  is  that 
they  are  low  in  alkali  and  volatile  elements  such 
as  sodium,  potassium,  rubidium,  lead,  and  bis- 
muth. Aside  from  this  characteristic  and  the  very 
low  water  content  n^3n tinned  previously,  the 
material  might  be  considered  to  be  similar  to 
terrestrial  basalts.  Because  of  the  enrichment  of 
the  refractory’  elements  and  the  depletion  of  the 
volatile  elements,  it  is  tempting  to  consider  the 
material  to  be  similar  to  a cinder,  being  the  end 
product  of  a high-temperature  environment,  to 
explain  these  modifications. 

The  rare-gas  content  of  lunar  samples  has 
been  measured  by  mass  spectroscopy.  The  con- 
tent of  beryllium,  neon,  argon,  krypton,  and 
xenon  has  been  measured  in  several  samples. 
The  total  rare-gas  content  in  the  fines  and  brec- 
cias is  approximately  0.1  cc/g,  which  is  quite 
high.  These  gases  were  found  in  the  outside 
layer  of  the  cry  stalline  rocks,  but  the  gas  conten* 
found  inside  these  rocks  was  very’  low.  The  gases 
were  found  throughout  the  breccias,  further  indi- 
cating that  the  breccias  are  formed,  probably  by 
shock,  from  the  fines.  Quite  clearly,  most  of  the 
measured  rare  gas  is  from  the  solar  wind.  Al- 
though no  isotopic  ratios  have  been  measured 
previously  for  solar  rare  gases,  the  values  ob- 
tained from  the  preliminary  examination  com- 
pare well  with  the  values  that  would  theoretically 
be  expected. 

Several  of  the  rocks  measured  contained  radio- 
genic ^®.Ar.  which,  when  coupled  with  data  on 
potassium  abundance,  enables  dating  of  the  time 
of  crystallization  of  the  rocks  by  using  the  decay 
process 

"®Ar -f  (1) 

This  process  gives  an  age  of  3.0±0.7X10®  yr, 
which  shows  that  the  surface  of  the  maria  is 
older  than  had  been  expected. 

Age  dating  can  also  be  accomplished  by  meas- 
uring the  amount  of  certain  isotopes  that  are 
produced  by  cosmic  ray  bombardment  of  the 
lunar  surface.  This  technique  yields  the  time 
that  the  rocks  within  a few  feet  of  the  lunar  sur- 
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face  have  been  exposed  to  cosmic  rays.  The  rocks 
studied  had  cosniic-ray-exposnre  ages  from  20X 
lOMoieOXlO^yr. 

The  organic  content  of  the  samples  was  studied 
by  two  teclmiques:  ( 1 ) pyrolysis  with  flame  ion- 
ization detection  and  ( 2 ) mass  spectroscopy. 
The  amount  of  extractable  organic  material  with 
temperatures  to  500^  C is  less  than  1 part  per 
million  (ppm).  Some  organic  contaminants  were 
introduced  into  tfie  samples  by  recoverx*  and 
processing  in  the  LHL,  and  it  is  uncertain  whether 
an  indigenous  organic  material  exists  in  the 
samples. 

Several  samples  ha\  e been  counted  in  the  LRL 
Radiation  Counting  Laboratory'.  The  gamma 
rays  measured  show  the  preser.'?e  of  several 
cosmic-ray-induced  radionuclides  and  the  pres- 
ence of  thorium,  uranium,  and  potassium.  The 
uranium  and  thorium  amcentrations  are  near  the 
concentration  values  of  these  elements  found  in 
terrestrial  basalts;  however,  the  amount  of  potas- 
sium present  in  the  lunar  samples  is  lower  than 
that  in  terrestrial  basalts  and  is  comparable  to 
the  amount  found  in  chondritic  meteorites. 

Conclusions 

The  major  findings  have  been  as  follow  s : 

(1)  By  using  a fabric  and  mineralogy  basis, 
the  rocks  can  be  divided  into  two  genetic  groups: 
fine-  and  medium-grained  cry^stalline  rocks  of 
igneous  origin  and  breccias  of  complex  origin. 

(2)  The  cry'stalline  rocks,  as  shown  by  their 
modal  mineralogy  and  bulk  chemistry,  are  differ- 
ent from  terrestrial  rock  and  meteorites. 

(3)  Erosion  has  occurred  on  the  lunar  surface 
in  view'  of  the  fact  that  most  of  the  lunar  rocks 
are  rounded,  and  some  of  the  rocks  have  been 
e.xposed  to  a process  that  gi\(*s  them  a surface 
appearance  similar  to  sandbl.isted  rocks.  There 
is  no  evidence  of  erosion  by  surface  water. 

(4)  The  probable  prt'sence  of  the  assemblage 
iron-troilite-ilmenite  and  the  absence  of  any 
hydrated  phase  indicate  that  the  crystalline  rocks 
were  formed  under  extremely  low'  partial  pres- 
sures of  oxygen,  w'ater,  and  siilfur.  ( I ressures 
are  in  the  range  of  equilibrium  pressures  found 
within  most  meteorites. ) 

(5)  The  absence  of  hydrated  minerals  sug- 
gests that  no  surface  water  has  existed  ut  Tran- 


quility' Base  at  any  time  since  the  rocks  in  this 
region  w ere  exposed. 

(6)  Evidence  of  shock  or  impact  metamor- 
phism is  common  in  the  lunar  rocks  and  fines. 

(7)  All  the  rocks  have  glass-lined  surface  pits 
that  may'  have  been  caused  by  the  impact  of 
small  particles. 

( 8 ) The  fine  material  and  the  breccia  contain 
large  amounts  of  all  the  noble  gases  w hich  have 
elemental  and  isotopic  abundances  indicative  of 
origin  in  the  solar  wind.  The  fact  that  interior 
samples  of  the  breccias  contain  these  gases  im- 
plies that  the  samples  were  formed  at  the  lunar 
surface  from  materiid  previous.y  e.xposed  to  the 
solar  wind. 

(9)  ^®K-^®Ar  measurements  on  igneous  rocks 
show'  that  they  crystallized  from  3X 10®  to  4X 10® 
yr  ago.  The  presence  of  nuclides  produced  by 
cxismic  rays  shows  that  the  rocks  have  been 
within  1 m of  the  surface  for  periods  of  20X10® 
to  160X10®  yr. 

i 10)  The  level  of  indigenous  organic  material 
capable  of  volatilization  or  pyrolysis,  or  both, 
appears  to  be  extremely  low',  that  is,  considen  bly 
less  than  1 ppm. 

(11)  Chemical  analyses  of  23  lunar  samples 
show*  that  a! I rocks  and  fines  generally  are  chem- 
ically similar. 

( 12)  The  elemental  constituents  of  lunar  sam- 
ples are  the  same  as  those  found  in  terrestrial 
igm'ous  rocks  and  meteorites.  However,  the  fol- 
lowing significant  differences  in  composition 
were  observed:  some  refractory'  elements  (for 
example,  titanium  and  zirconium)  are  notably 
enriched,  and  the  alkali  and  some  volatile  ele- 
ments are  tlepleted. 

(13)  Elements  that  are  enriched  in  iron  me- 
teorites ( i.e.,  nickel,  cobalt,  and  the  platinum 
group)  were  not  oKserved;  .such  elements  are 
probably  low  in  abundance. 

(14)  Of  12  radioactive  species  identified,  tw'o 
were  cosmogonic  radionuclides  of  short  half  life, 
namely  ^“Mn  (5.7  days)  and  (16.1  days). 

( 15)  Uranium  and  thorium  concentrations  are 
near  tlie  typical  cxmcenl  rat  ions  of  these  elements 
found  in  terrestrial  basalts;  how'ever,  the  potas- 
sium-to-uranium  ratio  detenu’ ned  for  lunar  sur- 
face material  is  much  lower  than  such  ratios 
determined  for  terrestrial  rocks  or  meteorites. 

(16)  No  evidence  of  biological  material  has 
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been  found  to  date  in  the  lunar  samples. 

( 17 ) The  lunar  soil  at  the  landing  site  is  pre- 
dominantly fine  grained,  granular,  slightly  cohe- 
sive, and  incompressible.  The  hardness  of  the 
lunar  soil  increases  considerably  at  a depth  of 
15  cm.  The  soil  is  similar  in  appearance  and  be- 
havior to  the  soil  encountered  at  the  Sur\eyor 
equatorial  landing  sites. 

(18)  The  PSEP  deployed  on  the  Moon  op- 
erated satisfactorily  for  21  days  and  detected 
several  seismic  signals,  many  of  which  onginated 
from  astronaut  activity  or  mechanical  motions  of 
the  LM.  It  is  uncertain  whether  any  actual  lunar 
seismic  events  were  detected.  The  seismic-noise 


background  is  much  less  on  the  Moon  than  on 
Earth. 

(19)  The  LRRR  was  deployed  on  the  Moon 
and  has  been  used  as  a target  for  Earth-based 
lasers.  The  distance  to  the  Moon  has  now  been 
measured  to  within  an  accuracy  of  approximately 
4 m.  Future  studies  will  be  made  on  tlie  variation 
of  this  distance  to  study  in  detail  the  motion  of 
the  Moon  and  the  Earth. 

(20)  Preliminary'  analysis  has  been  made  on 
part  of  the  aluminum  SWC  foil.  Helium,  neon, 
and  argon  have  been  found  in  the  analysis,  and 
the  isotopic  composition  of  each  element  has 
been  measured. 
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Summary  of  Scientific  Results 

Gene  Simmons^  and  A.  /.  Calio^ 


The  Apollo  12  mission  provided  the  first  op- 
portunity in  the  scientific  exploration  of  the 
Moon  to  sample  extensively  the  rocks  within  a 
radius  of  % km  of  the  landing  site,  to  obtain 
geologic  data  from  firsthand  observations  made 
on  the  Moon,  to  measure  on  the  surface  of  the 
Moon  the  vector  components  of  the  lunar  mag- 
netic field,  to  measure  the  pressure  of  the  lunar 
atmosphere,  and  to  collect  seismic  data  on  the 
interior  of  the  Moon  from  the  impact  of  the 
lunar  module  (LM)  ascent  stage.  During  the 
two  extravehicular  activity  (EVA)  periods,  a 
total  di»ration  of  7.5  hr,  the  astronauts  collected 
three  core  tubes  of  lunar  soil  and  additional  sur- 
face samples  along  a geologic  traverse.  They  ob- 
tained material  from  the  bottom  of  a shallow 
trench  and  brought  back  several  items  from  the 
Surveyor  3 spacecraft.  The  astronauts  caught 
some  of  the  solar  wind  in  an  aluminum  foil,  and 
they  obtained  extensive  photographs  of  the  lunar 
surface  and  of  crew  activities  by  using  70-mm 
Hasselblad  cameras  and  a closeup  stereoscopic 
camera. 

The  Apollo  12  LM  landed  on  the  northwest 
rim  of  the  200-m-diameter  Surveyor  Crater  in 
the  Ocean  of  Storms.  The  landing  site  was  at 
23.4°  west  longitude  and  3.2°  south  latitude,  ap- 
proximately 120  km  southeast  of  the  crater  Lans- 
berg  and  due  north  of  the  center  of  Mare  Cogni- 
tum.  The  landing  site  is  near  a ray  associated 
with  the  crater  Copernicus,  which  is  situated 
approximately  370  km  to  the  north.  The  landing 
site  is  characterized  by  a distinctive  cluster  of 
craters  that  range  in  diameter  from  50  to  400  m. 
The  tra  /erses  during  the  two  EVA  periods  were 
generally  made  on  or  near  the  rims  of  these 
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craters  and  on  deposits  of  ejecta  from  them. 
Therefore,  the  samples  returned  to  Earth  contain 
a variety  of  material  ejected  from  local  craters. 
Some  of  the  fine-grained  material  was  derived 
locally,  and  some  probably  from  distant  sources. 

The  Apollo  12  results  obtained  to  date  are 
summarized  in  this  section.  The  reader  should 
understand  that  these  results  are  preliminary  and 
that  the  interpretation,  especially,  is  likely  to 
change  in  the  future. 

Surface  Experiments 
Geology 

Igneous  rocks,  breccias,  and  soils  were  col- 
lected from  a variety  of  local  geologic  features 
that  included  a mound  and  several  craters.  Along 
several  parts  of  the  traverse  made  during  the 
second  EVA  period,  the  astronauts  found  fine- 
grained material  of  relatively  high  albedo  that, 
at  some  places,  was  buried  in  the  shallow  sub- 
surface and,  at  other  places,  was  situated  on  the 
surface.  This  light-gray  material  was  specifically 
reported  to  be  at  the  surface  near  Sharp  Crater 
and  a few  centimeters  below  the  surface  near 
Head,  Bench,  and  Block  Craters.  It  is  possible 
that  some  of  this  light-gray  material  may  consti- 
tute a discontinuous  deposit  that  is  observed 
telescopically  as  a Copernican  ray. 

Small  linear  patterns  .similar  to  those  at  the 
Apollo  11  site  were  noted  in  the  surface.  These 
patterns  are  probably  caused  by  drainage  of  fine- 
grained material  into  fractures  in  the  underlying 
bedrock.  This  interpretation  implies  northeast- 
and  northwest-trending  joint  sets  in  the  bedrock 
of  the  Apollo  11  site  and  north-  and  east- trending 
joint  sets  in  bedrock  of  the  Apollo  12  site.  The 
lineated  strips  of  ground  reported  by  the  crew 
probably  reflect  joint  sets  within  larger  fracture 
zones  in  the  bedrock. 
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Darker  regolith  material  that  generally  over- 
lies  the  light-gray  material  is  only  a few  centi- 
meters thick  at  some  places,  but  probably 
thickens  greatly  on  the  rims  of  some  craters.  The 
regolith  varies  locally  in  the  size,  shape,  and 
abundance  of  constituent  particles  and  in  the 
presence  or  absence  of  patterned  ground.  Most 
of  the  local  differences  are  probably  the  result 
of  local  cratering  events. 

The  Apollo  12  site  is  younger  than  the  Apollo 

11  landing  site  as  suggested  by  the  fewer  num- 
ber of  kilometer-size  craters.  The  Apollc  11  site 
has  about  2.37  times  as  many  Idlometer-size 
craters  as  does  the  Apollo  12  site. 

One  of  the  notable  differences  between  the  set 
of  rocks  coUected  at  the  Apollo  12  site  and  that 
collected  at  the  Apollo  11  site  (Tranquility  Base) 
is  the  ratio  of  crystalline  rocks  to  breccias.  At  the 
Apollo  12  site  the  rocks  collected  are  predomi- 
nantly CT)'stalline,  whereas  at  Tranquility  Base, 
approximately  half  the  rocks  collected  are  crys- 
talline and  half  are  microbreccia.  This  difference 
exists  probably  because  the  rocks  from  the  Apollo 

12  landing  site  were  collected  primarily  on  or 
near  crater  rims.  The  regolith  is  thin  on  the  crater 
rims,  and  many  of  the  rocks  are  probably  derived 
from  craters  tha  have  been  excavated  in  the 
bedrock  that  lies  well  below  the  regolith.  Tran- 
quility Base  was  on  a thick,  mature  regolith, 
where  many  of  the  observed  rock  fragments  were 
produced  by  shock  lithification  of  regolith  ma- 
terial and  were  ejected  from  craters  too  shallow 
to  excavate  bedrock. 

Two  mounds  were  situated  in  the  area  north  of 
Head  Crater.  Both  mounds  are  visible  on  the  high- 
resolution  Lunar  Orbiter  photographs.  These 
mounds  are  probably  clumps  of  legolith  material 
that  were  slightly  indurated  by  impact  and 
ejected  from  one  of  the  nearby  craters— possibly 
from  Head  Crater.  Bom*  irdment  by  meteoritic 
material  and  by  secondary  impacts  and,  possibly, 
the  effects  of  diurnal  temperature  changes  have 
probably  caused  sloughing  of  the  sides  of  the 
mounds,  which  has  resulted  in  their  present 
rather  smooth  form. 

The  lunar  surface  materials  near  the  Surveyor 
3 spacecraft  were  examined  for  measurable 
changes  that  might  have  occurred  in  photometric 
properties  during  the  30  months  since  the  Sur- 
veyor landing.  None  occurred,  within  the  limits 


of  the  measurements.  The  optioil  properties  indi- 
cate that  the  lunar  surface  in  the  area  of  the 
Surveyor  spacecraft  has  not  received  a new  cov- 
ering of  dust  nor  been  mechanically  altered  by 
the  lunar  environment  during  the  30  months.  A 
significant  change  occurred  in  the  reflectance  of 
the  Surveyor  footpad  imprint  over  the  30-month 
span;  the  change  may  have  been  caused  by 
microscopic  mechanical  alteration  of  the  com- 
pressed surface. 

In  spite  of  local  variations  in  soil  texture,  color, 
grain  size,  compactness,  and  consistency,  the  soil 
at  the  Apollo  12  site  is  similar  in  appearance  and 
behavior  to  the  soils  encountered  at  the  Apollo 
11  and  Surveyor  3 equatorial  landing  sites.  Al- 
though the  deformation  behavior  of  the  surface 
material  involves  both  compression  and  shear 
effects,  the  conclusion  drawn  earlier  horn  the 
Surveyor  3 mission  results— that  the  soil  at  the 
Surveyor  3 landing  site  is  essentially  incompress- 
ible—is  consistent  with  the  consistency,  com- 
pactness, and  average  grain  size  of  the  soil  at  the 
Surveyor  3 site,  as  assessed  during  the  Apollo  12 
EVA.  There  appears  to  be  no  direct  correlation 
between  crater  slope  angle  and  consistency  of 
soil  cover.  The  latter  depends  mainly  on  the 
geologic  history  of  the  terrain  feature  and  on 
the  local  environmental  conditions. 

Seif '''ology 

No  seismic  signals  with  characteristics  similar 
to  terrestrial  signals  have  been  observed  for  the 
Moon.  This  fact  is  a major  scientific  result.  The 
high  sensitivity  at  which  the  lunar  instruments 
were  operated  would  have  resulted  in  the  detec- 
tion of  many  such  signals  if  the  Moon  were  as 
seismicaiiy  active  as  the  Earth  and  had  the  same 
transmission  characteristics  as  the  Earth.  Thus, 
the  data  obtained  to  date  indicate  that  either 
seismic  energy  release  is  far  less  for  the  Moon 
than  for  the  Earth  or  the  interior  of  the  Moon  is 
highly  attenuating  for  seismic  waves. 

The  LM  ascent  stage  was  impacted  approxi- 
mately 80  km  E 24°  S from  the  seismometer.  The 
event  was  recorded  on  all  three  long-period  seis- 
mometers. The  signal  amplitude  increased  slowly 
and  then  decreased  slowly,  'i  he  signal  continued 
for  approximately  an  hour.  The  coherence  be- 
tween various  signal  components  was  quite  low. 
None  of  the  signal  features  was  typical  of  anal- 
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ogous  terrestrial  events.  The  velocity  of  the  first 
arrival  was  3.1  to  3.5  km/sec. 

Hie  passive  seismic  experiment  has  recorded 
30  prolonged  signals  with  a gradual  buildup  and 
then  a slow  decrease  in  signal  amplitude.  Signals 
with  these  characteristics  may  imply  transmis> 
sions  with  very  low  attenuation  and  intense  wave 
scattering-eonditions  that  are  mutually  exclusive 
on  Earth.  Because  of  the  similarity  with  the 
signal  from  the  impact  of  the  LM  ascent  stage> 
the  30  recorded  signals  are  thought  to  be  pro- 
duced by  meteoroid  impacts  of  shallow  moon- 
quakes.  Most  of  the  events  that  produced  these 
signals  appear  to  have  originated  within  100  km 
of  the  Apollo  lunar  surface  experiments  package 
( ALSEP).  The  occurrence  of  signals  with  similar 
characteristics  during  both  the  Apollo  11  and  12 
missions  greatly  strengthens  the  present  belief 
that  at  least  some  signals  observed,  including  the 
30  signals  recorded  by  the  seismometer,  are  likely 
to  be  of  natural  origin. 

Alognefomefer 

The  Apollo  12  magnetometer  is  a very  sophisti- 
cated three-component  fluxgate  instrument.  It  is 
the  first  magnetometer  to  be  operated  on  the 
lunar  surface.  A permanent  magnetic  field  of  36 
gammas  and  a gradient  of  4X10~~^  gammas/cm 
were  measured  at  the  Apollo  12  site.  The  magni- 
tude of  the  gradient  is  interpreted  to  mean  that 
the  local  magnetic  body  must  be  at  least  0.2  km 
in  size.  The  largest  transient  magnetic  field  meas- 
ured in  space  at  distances  greater  than  a few 
Earth  radii,  approximately  96  gammas,  was  re- 
corded on  November  26,  1969,  when  the  Moon 
was  in  the  vicinity  of  the  Earth  magnetohydro- 
dynamic bow  shock. 

Solor^Wtnd  Speefromefer 

Examination  of  the  data  obtained  from  the 
solar-wind  spectrometer  during  the  first  35  days 
of  operation  indicates  t*mt  tlie  solar  plasma  at 
the  lunar  surface  is  superficially  indistinguishable 
from  the  solar  plasma  at  some  distance  from  the 
Moon,  both  when  the  Moon  is  ahead  of  and  when 
the  Moon  is  behind  the  plasma  bow  shock  of  the 
Earth*  No  detectable  plasma  appears  to  exist  in 
the  magnetospheric  tail  of  the  Earth  or  in  the 
shadow  of  the  Moon.  Times  of  passage  through 
the  bow  shock  or  through  the  magnetospheric- 


tail  boundary,  as  indicated  by  the  solar-wind 
spectrometer  and  by  the  lunar  surface  magne- 
tometer, are  in  agreement  when  comparison  of 
data  has  been  possible.  Highly  variable  spectra 
that  may  involve  unexpected  phenomena  were 
observed  on  November  27,  1969,  and  at  lunar 
sunrise;  otherwise,  observations  liave  been  as 
expected. 

Suprathermal  ton  Defector  Expermienf 

Preliminary  analysis  of  data  btnn  the  supra- 
thermal ion  detector  reveals  die  foDowing  fea- 
tures: a concentration  of  ions  in  the  18-  to 
50-amu/q  (mass-per-unit-charge)  range,  the  fre- 
quent appearance  of  ions  in  the  10-  to  several- 
hundred  eV  range,  the  sporadic  appearance  of 
1-  to  3-keV  ions  early  in  the  lunar  night,  and  the 
presence  of  solar-wind  ions  on  the  nightside  of 
he  Moon  approximately  4 days  before  lunar 
sunrise.  Energetic  ion  fluxes  correlate  well  with 
the  impact  of  the  LM  ascent  stage  into  the  lunar 
surface.  There  is  a strong  suggestion  that  the 
impact-released  gases  have  been  ionized  and 
accelerated  by  the  solar  wind.  High  background 
count  rates  observed  during  the  second  lunar  day 
may  be  indicative  of  large  quantities  of  gas 
escaping  impulsively  from  the  LM  descent-stage 
tanks. 

Cold  Cothode  Gage 

The  ambient  lunar  atmospheric  pressure  is  less 
than  8X10*“®  torr.  The  gas  cloud  around  an 
astronaut  on  the  lunar  surface  exceeds  the  upper 
range  of  the  gage  (approximately  10*®  torr) 
when  the  gage  is  a distance  of  several  meters 
from  the  astronaut;  however,  no  perceptible 
residual  contamination  at  the  10*“®  torr  lev  re- 
mains around  the  gage  for  longer  than  a few 
minutes  after  the  departure  of  the  astronaut 

Muifispecfrof  Pfiofogropfiy  Experfmenf 

The  astronauts  obtained  a total  of  142  black- 
and-white  photographs,  taken  with  blue-,  green-, 
red-,  and  infrared-filtered  cameras,  that  are  suit- 
able for  color-difference  analysis.  Two  existing 
image  data-reduction  methods  are  being  ex- 
panded to  produce  images  that  display  greatly 
enhanced  three-color  contrast.  Two-color  differ- 
ence pictures  have  been  produced,  and  the 
method  is  effective.  The  color  enhancement  of 
the  Apollo  13  landing-site  frame  shows  a lack  of 
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color  variation.  The  frame  containing  Lalande 
exhibits  color  differences,  the  first  such  differ- 
ences to  be  detected  in  high-resolution  photog- 
raphy of  the  lunar  surface,  that  can  probably  be 
attributed  to  compositional  variations. 

iunor  Surface  C/oseup  Stereoscopic  Photography 

The  almost  complete  absence  of  dust  on  the 
surfaces  of  rocks,  clearly  evident  in  several  of 
the  Apollo  lunar  surface  stereoscopic  camera 
photographs  taken  during  the  Apollo  12  mission 
and  in  several  similar  photographs  taken  during 
the  Apollo  11  mission,  is  most  remarkable.  The 
absence  of  dust  cannot  be  attributed  to  any 
cleansing  effect  of  the  exhaust  gases  from  the 
descent  engine  because  shadowing  would  have 
to  be  evident,  and  shadowing  is  not  evident  in 
any  of  the  photographs.  During  the  time  re- 
quired to  form  the  many  impact  holes  on  the 
surface  of  the  rock,  a similar  number  of  impacts 
on  the  neighboring  powdery  ground  would  have 
scattered  much  powder;  and  the  average  condi- 
tion, if  impacts  were  the  only  process,  would  have 
to  be  a substantial  blanket  of  dust  so  that  the  loss 
from  the  dust  blanket  by  impacts  equaled,  in  the 
long  run,  the  gain  from  material  scattered  from 
nearby  impacts.  The  almost  complete  absence  of 
dust  on  the  rocks  requires  an  explanation  other 
than  such  an  equilibrium.  It  must  be  assumed 
thut  there  is  either  a general  removal  of  dust 
from  the  lunar  surface  that  dominates  all  other 
processes  that  distribute  dust  or  that  there  is  a 
dust-transportation  process  over  the  lunar  surface 
that  has  a strong  tendency  for  downhill  flow  and 
in  which  the  particles  are  generally  not  lifted  as 
high  (i.e.,  more  than  5 or  10  cm)  as  the  surfaces 
of  the  rocks  that  exhibit  the  clean  areas.  The 
latter  possibility  is  more  in  accord  with  other 
observations,  such  as  the  scarcity  of  trenches 
adjoining  rocks  whose  distribution  clearly  indi- 
cates that  they  fell  to  their  present  positions. 
The  trench  and  pileup  that  must  have  been  com- 
mon in  the  soft  soil  surrounding  a fallen  rock 
must  thus  be  eradicated,  yet  at  the  same  time, 
no  significant  amount  of  material  must  be  de- 
posited on  ^he  tops  of  the  rocks.  This  is  a strong 
indication  for  a process  of  surface  creep  that  may 
be  a major  process  in  the  long-term  evolution  of 
the  lunar  surface. 


Experiments  on  Returned  Materials 

ftefurned  lunar  Samples 

Three  categories  of  samples  were  collected  on 
the  lunar  surface.  The  contingency  sample  was 
collected  early  in  the  first  EVA  period  in  the 
vicinity  of  the  LM.  The  selected  sample  was 
collected,  after  deployment  of  the  ALSEP,  in  the 
vicinity  of  the  mounds  and  near  Middle  Crescent 
Crater;  and  a core  tube  was  driven  into  the 
surface  near  the  LM  late  in  the  first  EVA  period. 
The  docmnented  sample,  collected  along  the 
geologic  traverse  during  the  second  EVA  period, 
included  a variety  of  rock  and  soil  samples,  one 
single-  and  one  double-core  tube,  the  special 
environment  and  gas  analysis  samples,  and  sev- 
eral totebag  samples  that  were  brought  back  in  a 
totebag.  One  sample  was  grapefruit  size. 

Igneous  rocks  and  breccias  were  collected  on 
this  mission.  The  igneous  rocks  are  basaltic  and 
vary  widely  in  both  texture  and  modal  composi- 
tion. Most  of  the  igneous  rocks  fit  a fractional 
crystallization  sequence  that  indicates  either  that 
they  represent  parts  of  a single  intrusive  se- 
quence or  that  they  are  samples  of  a number  of 
similar  sequences. 

The  breccias  and  fines  have  a higher  carbon 
content  than  the  crystalline  rocks,  which  is  pre- 
sumably largely  due  to  contributions  of  meteor- 
itic  material  and  the  solar  wind.  The  level  of 
indigenous  organic  material  capable  of  volatili- 
zation or  pyrolysis,  or  both,  appears  to  be  ex- 
tremely low  {^10  to  200  ppb). 

The  content  of  noble  gas  of  solar-wind  origin 
is  less  in  the  fines  and  breccias  of  the  Apollo  12 
rocks  than  in  similar  material  from  Tranquility 
Base.  The  breccias  contain  less  solar-wind  con- 
tribution than  the  fines,  which  indicates  either 
that  the  breccias  were  formed  from  fines  that 
were  lower  in  solar-wind  noble-gas  content  than 
the  fines  presently  at  the  surface  or  that  the 
gases  escaped  during  the  process  of  formation. 

The  presence  of  nuclides  produced  by  cosmic 
rays  shows  that  rocks  have  been  within  1 m 
of  the  lunar  surface  for  1 to  200  million  years. 
The  preliminary  ^^K-'^^Ar  measurements  on  ig- 
lieous  rocks  show  that  they  crystallized  1.7  to 
2.7  billion  years  ago. 

The  Apollo  12  breccias  and  fines  are  chemi- 
cally similar  and  contain  only  half  the  tita«^ium 
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content  of  the  Apollo  11  fines.  The  composition 
of  the  crystalline  rocks  is  distinct  from  thal  of 
the  fines  material  in  containing  less  nickel,  po- 
tassium, rubidium,  zirconium,  uranium,  and 
thorium.  The  Apollo  12  rocks  contain  less  tita- 
nium, zirconium,  potassium,  and  rubidium  and 
contain  more  iron,  magnesium,  and  nickel  than 
the  Apollo  11  samples.  Systematic  variations 
among  the  magnesium,  nickel,  and  chromium 
contents  occur  in  the  crystaUine  rocks,  but  there 
are  only  small  differences  in  the  potassium  and 
rubidium  contents. 

Comparison  cf  the  Apollo  12  samples  from 
Oceanus  Procellarum  with  the  Apollo  11  samples 
from  Mare  Tn  aquiUitatis  shows  that  the  chem- 
istry at  the  two  mare  sites  is  clearly  related.  Both 
sites  show  the  distinctive  features  of  high  con- 
centrations of  refractory  elements  and  low  con- 
tents of  volatile  elements;  these  two  features 
most  clearly  distinguish  lunar  material  from 
other  material.  This  overall  similarity  indicates 
that  the  Apollc  11  sample  composition  is  not 
unique.  Taken  in  conjunction  with  the  Surveyor 
5 and  6 chemical  data,  this  similarity  is  sugges- 
tive of  a similar  chemisLy  for  the  maria  basin 
fill.  Unlike  the  Tranquility  Base  samples,  the 
element  abundances  in  the  fines  of  the  Apollo  12 
samples  display  a generally  more  fractionated 
character  than  the  rocks.  The  fine  material  and 
the  breccias  are  generally  quite  similar  in  > n- 
position  and  could  not  have  formed  dii.xdy 
from  the  large  cry'**^alline  rock  samples.  The 
chemistry  of  the  fine  laterial  is  not  uniform  in 
the  different  piaria. 

The  overall  geochemical  behavior  of  the  lunar 
rocks  is  consistent  with  the  patterns  observed 
during  fractional  crystallization  in  terrestrial  ig* 
neous  rocks— a process  that  involves  separation 
of  olivine  and  pyroxene;  depletion  in  the  silicate 
meP  of  the  elements  such  as  nickel  and  chro- 
mium, which  preferentially  enter  these  mineral 
phases;  and  enrichment  of  the  residual  melt  in 
such  elements  as  barium  and  potassium,  which 
are  excluded  from  the  early  crystal  fractions.  The 
slight  degree  of  enrichment  of  barium  and  po- 
tassium indicates  an  early  stage  of  the  fractional 
crystallization  process.  Whether  these  rocks  form 
a related  sequence  or  are  a heterogeneous  col- 
lection of  similar  origins  cannot  be  answered 
from  the  chemical  evidence. 


The  chemistry  of  the  Apollo  12  samples  does 
not  resemble  that  of  any  known  meteorite  be- 
cause nickel,  in  particular,  is  strikingly  depleted. 
The  Apollo  12  sample  chemistry,  however,  has 
interesting  similarities  with  the  eucrites;  and 
there  now  seems  to  be  a fairly  good  possibility 
that  rocks  of  chemistry  similar  the  eucritic 
meteorites  are  >resent  on  the  Moon. 

The  Apollo  ^2  material  is  enriched  in  many 
elements  by  1 to  2 orders  of  magnitude  in  com- 
parison with  estimates  of  cosmic  abundances. 
The  mare  material  is  clearly  strongly  fractionated 
relative  to  most  models  of  the  composition  of  the 
primitive  solar  nebula. 

The  K-Ar  age  of  the  Apollo  12  rocks  is  most 
interesting  scientifically.  The  ^®K-^®Ar  age  of 
these  rocks  reinforces  the  possibility  recognized 
from  the  data  obtained  on  the  Apollo  11  rocks, 
that  is,  that  the  lunar  maria  are  geologically  very 
old.  If  the  minimum  ages  established  by  the  K-Ar 
method  are  indicative  of  the  true  age  of  the 
Apollo  12  rocks,  then  the  mare  material  in 
Oceanus  Procellarum  at  the  Apollo  12  site  is 
approximately  1 billion  years  younger  than  that 
at  the  Apollo  11  site.  Altho^’^h  this  K-Ar  age  is 
subject  to  various  uncertainties,  the  younger  age 
for  the  A^  iWo  12  material  is  consistent  with 
geological  observations.  This  large  age  difference 
indicates  a prolonged  period  of  mare  filling. 

S of  or- Wind  Composition  Experiment 

The  Apollo  12  foil  had  the  same  dimensions, 
general  makeup,  and  trapping  properties  as  the 
Apollo  11  foil.  Three  small  foil  pieces  were  de- 
contaminated by  ultrasonic  means.  It  was  found 
that  a piece  of  the  foil  that  had  been  shielded 
from  the  solar  wind  had  a ^He  concentration  per 
unit  area  that  was  less  than  1 percent  of  the  con- 
centrations found  in  the  foil  pieces  exposed  to 
the  solc'r  wind.  There  is  good  agreement  between 
the  concentrations  and  the  ^He/®He  ratios  meas- 
ured in  two  exposed  foil  pieces. 

From  the  first  two  Apollo  I2  foil  pieces  ana- 
lyzed, the  ^HE/^HE  ratio  is  2300±200  for  the 
Apollo  12  exposure  period.  This  value  is  higher 
than  the  ^He/^He  ratio  obtained  thus  far  from 
analyses  of  pieces  of  the  Apollo  11  foil.  Compar- 
ative analyses  of  pieces  of  foils  from  the  two 
flights  are  being  continued  to  confi  m this  differ- 
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afice.  Actually,  time  variations  in  isotopic  ratios 
in  the  solar  wind  can  be  expected,  and  the 
*HePHe  ratio  has  to  be  determined  repeatedly 
to  assess  the  range  of  occurring  variations  before 
an  average  for  the  present-day  solar  wind  can 
be  established.  This  average  is  of  high  astrophysi* 
cal  significance,  because  it  can  be  compared  with 
andent  ^He/*He  rati^  derived  from  solar-wind 
gases  trapped  in  the  lunar  surface  or  in  meteorites. 

Preliminary  results  from  the  investigation  of 
the  returned  Surveyor  3 components  indicate  a 


surprisingly  low  number  (0  to  3)  of  hi^- 
velodty-impact  pits  of  meteoritic  origin.  The 
majority  of  low-velodty-impact  pits  have  been 
identified  as  resulting  from  the  LM  desert  The 
Surveyor  3 spacecraft  was  found  to  be  covered 
witf.  a light-brown  coating  that  has  been  identi- 
fied as  lunar  dust  Other  investigations  in  prog- 
ress are  enginec)ring  (cold  welding)  investiga- 
tions, radioactivity  analysis  of  the  Surveyor  1 TV 
camera,  dust  analysis,  and  alpha-^mrticle  meas- 
urements. 
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Summary  of  Scientific  Results 

Philip  K.  Chapman*  Anthonv  J.  Calio*  and  M.  Gene  Simmons* 


The  planned  landing  site  for  the  Apollo  13 
mission  was  in  the  Fra  Mauro  region,  which  is 
an  area  of  prime  scientific  interest  because  it  con- 
tains some  of  the  most  clearly  exposed  geological 
fonnations  that  are  characteristic  of  the  Fra 
Mauro  Formation.  The  Fra  Mauro  Formation  is 
an  extensive  geological  unit  that  is  distributed  (in 
an  approximately  radially  symmetric  fashion 
around  the  Mare  Imbrium)  over  much  of  the  near 
side  of  the  Moon.  Stratigraphic  data  indicate  that 
the  Fra  Mauro  Formation  is  older  than  the  Apollo 
1 1 and  1 2 mare  sites.  The  Fra  Mauro  Formation 
is  thought  to  be  part  of  the  ejecta  blanket  that  re- 
sulted from  the  excavation  of  the  Imbrium  Basin, 
which  is  the  largest  circular  marc  on  ilu  Moon. 
The  Apollo  13  landing  site  thus  offered  an  oppi^r- 
tunity  to  sample  material  that  had  been  shcKked 
during  one  of  the  major  cataclysmic  events  in  the 
geological  history  of  the  Moon  and  thereby  to 
determine  the  date  of  the  event.  Funhermorc,  be- 
cause of  thi  size  of  the  Imbrium  Basin,  it  was 
expected  that  some  of  the  material  had  come  from 
deep  (tens  of  kilometers)  v, ithin  the  original  lunar 
crust.  Thus,  a landing  at  the  Fra  Mauro  Forma- 
tion, in  principle,  should  offer  an  oppKulunity  to 
sample  the  most  extensive  vertical  section  avail- 
able of  the  primordial  Moon. 

After  the  Apollo  13  mission,  which  failed  to 
achieve  a lunar  landing,  the  importance  of  the  Fra 
Mauro  landing  >itc  led  to  a decision  to  attempt 
a landing  in  the  same  area  during  the  Apollo  14 
mission.  The  final  landing  site  was  very  close  to 
that  chosen  for  the  Apollo  13  mission.  The  site 
was  located  in  a broad,  shallow*  valley  between 
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radial  ridges  of  the  Fra  Mauro  Formation  and 
appauimately  500  km  from  the  edge  of  the 
Imbrium  Basin.  The  major  crater  Copernicus  lies 
360  km  to  the  north,  and  the  bright  ray  material 
that  emanates  from  Copernicus  Crater  covers 
much  of  the  landing-site  region.  In  the  immediate 
landing-site  area,  an  imp^^rtant  feature  is  the 
young  (Copemican  age),  very  blocky  Cone 
Crater,  which  is  approximately  340  m in  diameter 
and  which  penetrates  the  regolith  on  the  ridge  to 
the  east  of  the  landing  site.  Thus,  Cone  Crater 
would  provide  access  to  the  excavated  Fra  Mauro 
Formation,  despite  the  general  overlying  blanket 
of  later  deposits. 

The  lunar-surface  experiments  planned  for  the 
Apv^llo  14  mission  differed  somewhat  from  those 
of  the  Apollo  ’ 3 m^’^sion  I he  crew  s traverse 
capability  was  improved  by  the  addition  of  the 
mixlularized  equipment  irdnspvuler  (MCT), 
which  is  a light,  hand-drawn  cart  that  enabled  the 
crew  to  transport  tools  and  samples  with  greater 
ea.se.  Two  c.xtravehicular  activity  (E\A)  peruxis 
were  planned,  each  of  which  was  to  last  4 hr 
15  min.  The  principal  objectives  of  the  first  E\^A 
were  to  collect  geological  samples  (including  a 
contingency  sample  in  ca.se  oi  early  abort  be- 
came necessary)  and  to  deploy  the  ApiMlo  lunar- 
surface  experiments  package  (ALSEP).  The  sec- 
ond E\'A  was  largely  devoted  to  a geological 
sampling  traverse  toward  Cone  Crater,  with 
several  other  experiments  being  conducted  along 
the  traverse. 

This  section  summarizes  the  scientific  results 
obtained  to  date  from  the  Apollo  14  mission.  It 
should  be  undei^lwd,  however,  that  this  is  a 
preliminary*  report,  and  the  results  and,  especially. 
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the  interpretations  may  change  after  further  data 
collection  and  analysis. 

Geology 

The  Apollo  14  crew  traversed  a smooth^terrain 
unit,  a Fra  Mauro  ridge  unit,  and  the  ejecta 
blanket  of  Cone  Crater.  Descriptions,  photog- 
raphy, and  samples  of  the  Cone  Crater  ejecta 
blanket  were  the  major  geological  objcct^es  of 
the  Apollo  14  lunar-surface  activity.  It  was  antici- 
pated that  the  Cone  Crater  event  had  resulted  in 
the  penetration  of  the  lunar  rcgolith  and  excava- 
tion of  material  from  the  Fra  Mauro  Formation. 
Samples  returned  fiom  the  Cone  Crater  ejecta 
blanket  and  the  photography  of  boulders  on  the 
ejecta  blanket  indie  ite  that  the  Fra  Mauro  Forma- 
tion is  comprised  of  breccias  that  contain  abun- 
dant dark  lithic  clasts  and  less-abundant  light 
clasts.  Clasts  of  breccias  within  breccias  may  rep- 
resent pre-Imbrian  cratering  in  the  Imbrium  Basin 
region. 

The  Apollo  14  landing  site  is  dotted  with  abun- 
dant craters  that  range  in  diameter  from  several 
hundred  meters  to  the  limit  of  resolution  of  the 
Ha.s.sclb!ad  data  cameras.  Craters  between  400  m 
and  I km  in  diameter  arc  more  numerous  and 
more  subdued  ^han  craters  on  the  maria;  this  dis- 
tribution is  consistent  with  the  inferred  greater 
age  (relative  to  the  maria)  of  the  Fra  Mauro 
Formation.  Craters  along  the  traverse  range  from 
the  old  and  highly  subdued  craters  that  form  the 
rolling  topography  in  the  smooth-terrain  unit  to 
the  sharp  30-m-diamctcr  crater  on  the  Cone 
Crater  ejecta  blanket  near  station  C\  Rock  frag- 
ments greater  than  2 to  3 cm  in  diameter  arc 
sparse  in  the  immediate  vicinity  of  the  lunar 
module  (LM)  landing  site,  but  the  surface  of  the 
Cone  Crater  ejecta  blanket  is  characterized  by 
abundant  rock  fragments  that  measure  rp  lo  sev- 
eral meters  in  diameter. 

The  albedo  of  the  fine-grained  material  in  the 
vicinity  of  the  landing  site  ranges  from  8,2  to  15 
percent,  with  the  lower  albedo  values  typical  of 
the  smooth-terrain  unit  and  the  higher  values 
typical  of  the  Cone  Crater  ejecta  blanket.  The 
highest  albedo  values  yet  measured  on  the  lunar 
surface  are  the  values  determined  for  the  Cone 
Crater  ejecta  blanket  in  the  vicinity  of  station  Cl 


The  albedo  of  the  component  parts  of  the  frag- 
mental rocks  ranges  from  9 to  36  percent. 

Small-scale  suriace  lineaments,  although  less 
well  de\elopcd  *han  at  the  Apollo  11  and  12 
landing  sites,  are  present  at  the  Apollo  14  landing 
site.  Two  primary  northwest  and  northeast  trends 
and  one  secondary  north  trend  agree  well  with 
the  strongest  trends  observed  at  the  Apollo  1 1 and 
II  landing  sites.  The  lineaments  are  less  well  de- 
veloped on  the  Cone  Crater  ejecta  blanket  than 
on  the  smooth-terrain  unit.  Fillets  of  fine-grained 
material  banked  against  rock  fragments  are 
common  ai  the  Apollo  14  landing  site  The  variety 
of  fillet  geometries  suggests  that  the  fillets  arc 
probably  formed  by  several  different  mechanisms. 

The  large  number  of  boulders  ( most  of  which 
were  probably  ejected  from  Cone  Crater)  offered 
for  the  first  time  the  opportunity  to  study  textures 
and  structures  of  lunar  rocks  at  scales  from  tens  of 
centimeters  to  a meter.  All  the  boulders  appear  to 
be  fragmental,  with  abundant  clasts  up  to  10  cm 
across  or  larger.  The  clastic  appearance  of  the 
rocks  is  somewhat  similar  to  the  appearance  of 
ejecta  deposits  of  impact  origin  on  Earth.  Planar 
features  (some  of  which  are  systematic  in  their 
development)  are  visible  in  all  the  boulders.  In 
some  of  the  boulders,  distinct  lithologic  layers  are 
evident.  The  boulders  show  different  degrees  of 
rounding  by  lunar  erosion;  differences  in  shape 
are  probably  caused  in  pa.1  by  internal  fracture 
systems  and  possibly  by  differences  in  lithologies. 

Approximately  43  kg  of  lunar  samples  were 
returned  by  the  Apollo  14  crew,  including  33 
rocks  that  weigh  more  than  50  g each.  Thirteen 
of  the  rock  samples  were  sufficiently  documented 
to  determine  lunar  locations  and  orientations.  The 
locations  of  most  of  the  samples  have  been  at  least 
approximately  determined. 

Nearly  all  the  returned  samples  arc  fragmental 
riKks.  Some  rocks  arc  composed  mostly  of  dark 
clasts  and  a lighter  colored  matrix;  others  consist 
of  a mixture  of  light-  and  medium-gray  clasts  in  a 
dark-gray  matrix.  Samples  of  both  rock  types  were 
collected  from  widely  separated  points  along  the 
traverse. 

Numerous  similarities  can  be  seen  between  the 
characteristics  of  the  returned  samples  and  of  the 
boulders  shown  in  the  photographs.  Closely  spaced 
fractures  ( in  some  cases,  two  or  more  intersecting 
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fracture  sets)  are  present  in  many  of  the  returned 
rocks.  Variations  among  the  rocks  suggest  the 
possibility  of  considerable  lateral  or  vertical 
variation  within  the  Fra  Mauro  unit. 

Returned  Lunar  Samples 

Of  the  43  kg  of  lunar  material  returned  by  the 
Apollo  14  crew,  the  Lunar  Sample  Prelimim  ^ 
Examination  Team  has  examined  portions  of  six 
soil  samples  and  the  surfaces  of  all  rocks  that 
weigh  1 g or  more — approximately  150  rocks  in 
all.  Thin  sections  of  12  rocks  were  examined; 
optical  spectroscopic  analyses  were  performed  on 
16  samples;  gamma>ray  analyses  for  potassium, 
thorium,  uranium,  aluminum-26,  sodium-22,  and 
cobalt-56  were  performed  on  14  samples;  and 
noble-gas  analyses  were  performed  on  eight 
samples. 

The  ratio  of  fragmental  rocks  (including  brec- 
cias and  recrystallized  clastic  rocks)  to  igneous 
rocks  (mostly  basaltic)  is  approximately  9:1. 
\/hich  is  much  higher  than  the  1:1  and  1 :9  ratios 
for  the  Apollo  1 1 and  12  rocks,  respectively.  The 
fragmental  rocks  returned  from  the  Apollo  14 
landing  site  also  have  larger  and  more  abundant 
clasts  and  have  a generally  much  more  rccrystal- 
lized  matrix  than  the  breccias  from  the  previous 
missions.  Three  classifications  of  rocks  from  the 
Apollo  14  landing  site  were  made  for  preliminary 
descriptive  purposes: 

( 1 ) Rocks  with  predominantly  lithic  clasts  in 
very  friable  matrices 

(2)  Rocks  with  predominantly  light-colored 
and  very  abundant  clasts  in  a matrix  of  moderate 
coherency 

(3)  Rocks  with  predominantly  dark-colored 
clasts  in  a matrix  of  moderate  to  high  coherency 
The  larger  clasts  are  commonly  clastic  rocks  them- 
selves. but  nonfragmcntal  lithic  clasts,  which  have 
been  separated  into  six  groups,  are  present.  These 
groups  are  ( I ) clinopv  oxene-plagioclase.  ( 2 ) 
feldspar,  (3)  subophitic  plagioclase-orthopyrox- 
ene,  (4)  olivine-glass.  (5)  granitic  olivine,  and 
(6)  glass.  Accessory  minerals  that  are  present 
include  ilmcnitc,  metallic  iron,  troilitc.  chromium 
spinel,  iilvospinel.  metallic  copper,  armalcolite. 
zircon,  apatite,  and  potassium-feldspar. 

Only  two  homogeneous  crystalline  rocks  that 
weigh  more  than  50  g were  found.  These  rocks 


arc  basaltic,  have  typical  igneous  textures,  and 
centain  plagioclase.  pyroxenes,  olivine,  and  possi- 
bly opaques.  Very-nne-grained  granulitic-textured 
crystalline  rocks  were  also  found.  Basaltic  rock 
sample  14310.  which  weighs  3.4  kg.  was  the  sec- 
ond largest  rock  returned.  It  is  similar  to  terres- 
trial high-alumina  basalts,  but  contains  more 
highly  calcic  plagioclase  and  predominantly 
pigeonite  pyroxenes.  The  occurrence  of  a solar 
flare  on  January'  25.  1971.  induced  the  formation 
of  cobalt-56,  which  has  been  detected  'ti  the  upper 
surface  of  the  rock. 

The  soil  samples  collected  at  various  locations 
vary  in  composition  and  grain  size;  and.  within 
particular  samples,  a compositional  variation 
exists  among  the  grains  of  differing  size.  The  finer 
grained  portions  have  a higher  glass  content  than 
the  coarser  grained  portions.  The  siil  collected 
from  the  immediate  vicinity  of  Cone  Crater  has 
coarser  grains  than  the  soils  from  other  locations 
and  has  a lower  glass  content  and  a higher  con- 
tent of  fragmental-rock  fragments.  The  core 
samples  have  thus  far  been  studied  only  by  X-ray 
radiography;  however,  definite  layering  and  some 
grading  of  particle  sizes  have  been  observed. 

Chemical  analyses  of  the  Apollo  14  r'^terial 
show  it  to  be  distinct  from  the  material  imed 
from  the  Apollo  1 1 and  1 2 landing  sites  in  that 
lower  concentrations  of  iron,  titanium,  man- 
ganese. chromium,  and  scandium  and  higher 
concentrations  of  silicon,  aluminum,  zirconium, 
rubidium.  stronMum,  sodium,  lithium,  lanthanum, 
thorium,  and  uranium  arc  present.  The  total 
carbon  content  of  the  soil  samples  falls  within  the 
carbon-content  range  found  for  material  returned 
from  the  Apollo  1 1 and  1 2 sites.  The  rocks  have 
carbon  contents  that  range  from  18  to  225  parts 
per  million. 

A noticeable  difference  in  the  noble-gas  content 
of  material  from  the  Apollo  14  landing  site  was 
observed.  The  spall  at  ion -produced  isotopes  of 
these  noble  gases  in  four  Apollo  14  rocks  yielded 
exposure  ages  of  10  to  20  million  yr.  which  is 
considerably  lower  than  the  40-  to  500-million-yr 
exposure  ages  of  the  rocks  relumed  from  previ- 
ous missions.  The  solar-wind  content  of  the  frag- 
mental rocks  varies  between  the  higl;  values  seen 
for  the  solar-wind  content  of  fine  material  to 
essentially  zero. 
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Soil  Mechanics 

Alih>i  h the  surface  texture  and  appearance  of 
the  s(  I the  Apollo  14  landing  site  are  similar 
t(  tho  r at  the  Api>llo  II  and  12  landing  sites,  a 
hrger  '.nation  in  the  soil  characteristics  exists  at 
depths  of  a few  centimeters  in  both  lateral  and 
veii.cai  directions  than  had  previously  been  en- 
countt  rtvL  The  walls  of  a trench  that  was  dug  by 
the  o^mmander  collapsed  at  a shallow'cr  depth 
than  ha»  been  predicted,  evidently  because  of 
lessened  ;oil  cohesion.  Calculations  indicate  that 
ihe  sed*  3hesion  value  at  the  Apollo  14  trench 
site  ma>  be  as  small  as  10  percent  of  the  values 
calculate  .1  for  soils  at  previous  landing  sites.  The 
g‘ain-si2c  distributions  of  most  of  the  soil  samples 
re  umed  from  the  Apollo  14  site  are  similar  to 
thi  grain  size  distributions  of  soil  samples  from 
the  Apollo  11  and  12  sites,  with  two  significant 
exccptii  ns:  ( I ) a soil  sample  collected  from  near 
the  rim  of  C^onc  Crater  and  (2 ) a soil  sample  from 
the  ’ oitom  of  the  trench.  At  both  of  these  loca- 
tions. the  soil  was  considerably  coarse,  with  the 
median  .^ain  size  as  much  as  10  times  greater 
than  t other  Apollo  14  soil-sample  locations. 

Th  LM  pilot  was  unable  to  push  the  Apollo 
simpit  pe  letrometer  into  the  lunar  surface  near 
the  ALSLP  as  deeply  ^ had  been  expected. 
Similarly,  hr  Apollo  crew  encountered  more 
difficulty  i.’i  driving  the  core  tubes  than  did  the 
Apollo  12  crew.  These  results  indicate  that  the 
soil  at  the  Apollo  14  landing  site  is  stronger  with 
depth  than  had  been  previously  supposed.  The 
calculated  Lulk  density  of  the  soil  in  the  lower 
hiUf  of  the  (iotbic  core  tube  was  significantly  less 
than  that  determined  for  oil  ‘n  the  lower  half  of 
the  Apollo  12  trouble  core  .f>e.  Variations  in  the 
soil  grain-size  oistribr  or  specific  gravity  (or 
both)  may  accou  for  this  difference  in  bulk 
density.  The  MFT  track  observations  confirm  that 
the  soil  is  L'ss  dense,  more  compressible,  and 
weaker  a»  Inc  rims  of  small  craters  than  in  level 
intcrcrafcr  regions. 

Passive  Seisn-.ic  Experiment 

Each  lunar  mg  mission  to  date  has  included 
deployment  i f a passive  seismometer.  The  Apollo 


1 1 instrument  produced  useful  data  for  approxi- 
mately 1 month;  however,  the  Apollo  12  instru- 
ment is  still  functioning  satisfactorily.  Deployment 
of  the  Apollo  14  passive  seismometer  as  a pan  of 
the  ALSEP  thus  represented  a major  step  forward 
in  the  location  and  interpretation  of  lunar  seismic 
events  by  providing  a second  instrument,  one 
separated  from  the  Apollo  12  passive  seismometer 
by  a baseline  of  181  km. 

The  Apollo  14  seismometer  has  detected  natural 
seismic  events  at  more  than  twice  the  frequency 
recorded  by  the  Apollo  12  instrument,  and  all 
seismic  events  that  have  been  recorded  at  the 
Apollo  12  site  have  also  been  detected  by  the 
Apollo  14  instrument.  It  is  hypothesized  that  the 
greater  sensitivity  at  the  Apollo  14  site  is  a result 
of  the  thick  layer  of  unconsolidated  material  that 
blanket*:  this  region  (the  Fra  Mauro  Formation 
and  the  overlying  regolith).  This  layer  of  uncon- 
solidated material  may  provide  a more  efficient 
coupling  of  seismic  energy  with  the  lunar  surface. 
The  Apollo  14  instrument  appears  to  be  suffi- 
ciently sensitive  to  detect  the  impacts  at  any 
location  on  the  Moon  of  meteoroids  that  have 
masses  in  excess  of  approximately  1 kg. 

The  detected  natural  events  can  be  divided  into 
two  classes  (on  the  basis  of  spectral  characteristics 
and  other  characteristics  of  the  signals)  that  corre- 
spond to  meteoroid  impacts  and  moonquakes. 
Moonquake  occurrences  correlate  strongly  with 
the  time  of  perigee  passage  of  the  Moon  in  its 
orbit,  which  leads  to  the  hypothesis  that  the  re- 
lease of  internal  strain,  the  origin  of  which  is 
unknown,  is  triggered  by  tidal  stresses.  It  is  be- 
lieved that  not  less  than  nine  different  locations 
are  involved  in  the  moonquakes  that  have  been 
detected  by  both  seismometers,  although  more 
than  80  percent  of  the  total  seismic  energy  de- 
tected has  come  fi\>m  a single  foc,.i  zone  that  is 
located  perhaps  600  to  700  km  from  both  stations 
and  possibly  at  a considerable  depth  within  the 
Moon,  If  the  depth  of  the  focal  zone  is  confirmed 
by  future  data,  fundamentally  important  informa- 
tion about  the  present  state  of  the  lunar  interior 
will  be  made  available. 

A cumulative  mass  spectrum  for  meteoroids 
impacting  the  Moon  has  been  tentatively  con- 
structed from  the  data.  The  cumulative  mass  spec- 
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tnim  indicates  that  the  total  meteoroid  mass  flux 
is  a factor  of  20  less  than  values  from  previous 
estimates.  Approximately  one  meteoroid  impact 
per  year  of  kinetic  energy  equal  to  that  of  the 
SIVB  impact  is  prea.:ted.  The  Apollo  14  SIVB 
impact  was  detected  by  the  Apollo  12  passive 
seismometer,  and  the  LM  ascent-stage  impact  was 
detected  at  both  sites.  These  seismic  events  pro- 
duced the  characteristic,  remarkably  slow  decay 
signals  that  had  been  previously  detected  by  the 
Apollo  12  instrument;  the  signals  persisted  for 
several  hours.  The  passive  seismometer  data  have 
greatly  increased  the  understanding  of  the  lunar 
structure  and  of  seismic  energy  transmission.  A 
simple  wave-propagation  model  of  tiie  entire 
Moon  has  now  been  derived;  the  mode,  involves 
intensive  scattering  of  waves  in  the  outer  shell  of 
the  Moon  but  very  low  energy  absorption. 

Crew  activities  produced  detectable  seismic 
signals  for  the  Apollo  14  instrument  throughout 
the  EVA  traverses.  Venting  gases  from  and 
thermoelastic  stress  relief  within  the  LM  caused 
the  expected  seismic  signals,  which  are  continuing. 
In  view  of  the  long-range  detectability  of  lunar 
seismic  events,  it  appears  that  a scattered  network 
of  passive  seismometers  can  produce  very  valuable 
data.  The  deployment  of  a third  passive  seismom- 
eter at  the  Apollo  15  landing  site  will  greatly 
increase  the  capability  for  accurately  locating 
natural  events  that  occur  on  the  Moon. 

Active  Seismic  Experiment 

For  the  first  time  in  the  Apollo  lunar-landing 
program,  an  active  seismic  experiment  (ASE),  in 
addition  to  the  passive  seismometer,  was  deployed 
on  the  lunar  surface.  The  Apollo  14  crew  de- 
ployed a string  of  three  geophones  across  the  lunar 
surface  and  used  a thumper  device  with  small 
explosive  initiators  to  generate  seismic  signals. 
The  active  seismic  instrument  can  also  be  used  to 
monitor  high-frequency  natural  seismic  activity. 

The  data  that  were  generated  by  the  thumping 
operation  indicate  the  existence  of  a surficial 
layer  approximately  8.5  m thick  at  the  ALSEP 
site.  This  layer,  which  exhibits  a P-wave  velocity 
of  104  m/sec,  may  be  interpreted  as  the  regolith 
in  this  area.  The  8.5-m  thickness  of  the  regolith  is 
in  good  agreement  with  the  thickness  estimated 


from  geological  studies  of  small  craters.  The  seis- 
mic propagation  velocity  observed  during  the 
thumping,  operation  is  in  remarkable  agreement 
with  the  propagation  velocity  derived  at  the  Apollo 
12  landing  site  (108  m/sec),  where  the  elapsed 
time  between  LM  ascent-engine  ignition  and 
arrival  of  the  generated  seismic  signal  at  the 
Apollo  12  passive  seismometer  was  recorded. 

Below  the  regolith  at  the  Apollo  14  landing 
site  is  another  layer,  which  exhibits  a P-wave 
velocity  of  299  m/sec.  The  thickness  of  this  layer 
is  estimated  to  be  approximately  50  m.  It  is  pre- 
mature to  speculate  on  the  composition  of  this 
layer,  but  it  is  interesting  to  note  that  the  estimated 
thickness  of  the  layer  is  not  in  substantial  disagree- 
ment with  estimates  of  the  thickness  of  the  Fra 
Mauro  Formation  in  this  area.  The  relatively  low 
compressional-wave  velocities  that  have  been 
measured  in  this  experiment  are  evidence  against 
the  existence  of  substantial  permafrost  near  the 
surface  in  the  landing  region. 

The  ASE  also  includes  a rocket-grenade 
launcher  that  is  capable  of  launching  four  grenades 
to  impact  at  known  times  and  at  known  distances 
(up  to  approximately  1500  m)  from  the  seismom- 
eter. The  rocket  grenades  will  not  be  activated 
until  data  collection  from  the  other  ALSEP  experi- 
ments is  virtually  complete. 

Suprathermal  Ion  Detector  Experiment 
(Lunar  Ionosphere  Detector) 

The  suprathermal  ion  detector  experiiaent 
(SIDE),  which  was  deployed  as  part  of  the 
Apollo  14  ALSEP,  is  essentially  identical  to  the 
instrument  deployed  by  the  Apollo  12  crew.  By 
correlation  of  data  returned  by  the  two  SIDE  in- 
struments now  operating  on  the  Moon,  discrimina- 
tion is  possible  between  moving  ion  clouds  and 
temporal  fluctuations  of  the  overall  ion  distribu- 
tion. For  example,  this  discrimination  capability 
enabled  the  interpretation  of  an  ion  event  that  was 
detected  at  both  SIDE  sites  on  March  19.  This  ion 
event  was  the  passage  of  a large  (approximately 
130  km  in  diameter)  ion  cloud  that  moved  west- 
ward at  approximately  0.7  km/sec.  The  cloud 
was  possibly  associated  with  a relatively  large 


425 


APOUO  14  PRELIMINARY  SCIENCE  REPORT 


seismic  event  that  was  recorded  by  the  Apollo  14 
passive  seismometer  approximate!)  37  min  earlier. 

Ions  in  the  250-  to  l000-e\'  energy  range  have 
been  detected  streaming  down  the  magnetoshealh 
of  the  Earth  as  the  Moon  entered  the  magneto- 
spheric  tail.  !n  aduiiion,  approximately  2 days 
after  sunrise,  intermittent  intense  fluxes  of  50-  to 
70-eV'  ions  with  masses  in  the  17-  to  24-amu/unit- 
charge  range  were  recorded.  Energy  and  mass 
spectra  were  obtained  during  the  venting  of  the 
oxygen  atmosphere  of  the  the  LM  cabin.  After 
ascent-stage  liftoff,  the  Apollo  14  LM  ascent- 
engine  exhaust  was  detected  by  the  Apollo  12 
SIDE,  beginning  1 min  after  the  vehicle  passed 
the  Apollo  12  landing  site  at  a minimum  slant 
range  of  27  km.  The  Apollo  14  SIVB  and  LM 
ascent-stage  impacts  both  produced  useful  signals 
at  the  Apollo  12  SIDE. 

Cold-Cathode-Gage  Experiment 
(Lunar  Atmosphere  Detector) 

The  cold-cathode-gage  experiment,  which  is 
similar  to  the  instrument  deployed  as  a part  of  the 
Apollo  12  ALSEP,  measures  the  concentration  of 
neutral  atoms  (i.e.,  the  density  of  the  lunar  atmos- 
phere) in  the  vicinity  of  the  ALSEP.  During  the 
lunai  night,  the  concentration  appears  to  be  ap- 
proximately 2x10  cm  \ although  transient  in- 
creases by  one  to  two  orders  of  magnitude  are 
fairly  frequent  and  last  from  minutes  to  many 
hours.  Some  of  these  transient  increases  may  be 
caused  by  venting  or  outgassing  from  the  LM  or 
from  other  equipment  at  the  ALSEP  site.  As 
might  be  expected,  the  neutral-atom  concentration 
rises  rapidly  at  sunrise  (two  orders  of  magnitude 
in  2 mm);  the  concentration  then  decays,  over  a 
period  of  approximately  50  hr,  to  a mean  daytime 
level  of  less  than  KV  cm  *.  Numerous  gas  events 
have  also  been  observed  during  the  lunar  day.  The 
mean  neutral -atom  levels  observed  arc  thought 
still  to  be  affected  by  outgassing  from  other 
ALSEP  equipment,  but  the  output  of  neutral 
atoms  from  this  source  should  decrease  with  time 
in  an  identifiable  way. 

Charged-Particle  Lunar  Environment 
Experiment 

The  charged-particle  lunar  environment  experi- 


ment (CPLEE)  is  designed  to  measure  the  am- 
bient fluxes  of  charged  particles,  both  electrons 
and  ions,  with  energies  in  the  range  of  50  to 
50  000  eV.  One  of  the  most  stable  features  ob- 
served is  the  presence  of  low-energy  electrons 
whenever  the  landing  site  is  illuminated  by  the 
Sun.  The  variation  in  the  low-cnergy-electron  flux 
during  the  lunar  eclipse  of  February  10  provided 
strong  evidence  that  the  electrons  are  photo- 
electrons liberated  from  the  lunar  surface.  The 
solar-wind  flux  observed  by  the  CPLEE  has 
exhibited  rapid  time  variations  (periods  of  ap- 
proximately 10  sec),  both  when  the  Moon  is 
in  interplanetary  space  and  when  it  is  immersed 
in  the  magnetospheric  tail  of  the  Earth.  Passage 
of  the  Moon  through  the  magnetopause  and  mag- 
netospheric tail  has  produced  some  particularly 
interesting  data,  including  rapidly  fluctuating  low- 
energy  (50-  to  200-eV)  electrons,  fluxes  of 
medium-energy  electrons  lasting  from  a few 
minutes  to  tens  of  minutes,  and  electrons  that  have 
energy  spectra  remarkably  similar  to  those  ob- 
served above  terrestrial  auroras.  Thus,  auroral 
particles  do  appear  to  penetrate  far  into  the  mag- 
netospheric tail,  an  observation  that,  if  confirmed, 
contains  important  implications  concerning  the 
general  topology  of  the  magnetosphere. 

After  the  Apollo  14  LM  ascent-stage  impact, 
two  plasma  clouds,  which  were  separated  in  time 
by  a few'  seconds,  passed  the  CPLEE.  If  these 
plasma  clouds  were  associated  with  the  impact, 
they  were  traveling  at  approximately  1 km/sec 
and  had  diameters  of  14  and  7 km. 

Laser  Ranging  Retroreflector 

Used  in  conjunction  with  the  laser  ranging  retro- 
reflector  (LRRR)  deployed  during  the  Apollo  1 1 
mission,  the  Apollo  14  LRRR  array  provides  a 
capability  for  accurate  monitoring  of  lunar  libra- 
tions  in  longitude.  Ihc  LRRR  scheduled  for  de- 
ployment during  the  Apollo  15  mission  will 
complete  the  network  by  providing  a long  ba.sclinc 
separation  of  LRRR  arrays  in  latitude  as  well. 
The  deployment  of  a complete  network  is  impor- 
tant not  nniy  because  study  of  the  lunar  libraiions 
provides  information  about  the  internal  structure 
of  the  Moon,  but  also  because  knowledge  of  lunar 
librations  enables  the  errors  that  arc  introduced 
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by  them  to  be  eliminated  when  range  measure- 
ments are  needed  in  other  studies  (such  as  geo- 
physics, general  relativity,  etc.). 

Range  measurements  to  the  Apollc  14  LRRR 
were  successfully  accomplished  on  the  day  it  was 
deployed  by  the  crew.  Range  measurements  taken 
after  the  LM  liftoff  indicate  that  the  ascent-stage- 
engine  bum  caused  no  serious  degradation  of  the 
LRRR  reflective  properties.  Continued  measure- 
ments over  a period  of  years  will  be  required 
before  the  full  scientific  value  of  this  program  is 
realized.  Results  to  date  indicate  that  the  LRRR- 
array  lifetime  on  the  Moon  will  be  long  enough 
for  all  scientific  objectives  to  be  fulfilled. 

Solar-Wind  Composition  Experiment 

The  solar-wind  composition  experiment  was 
similar  to  the  investigations  conducted  during  the 
Apollo  11  and  12  missions.  The  aluminum  foil 
was  exposed  to  the  solar  wind  at  the  Apollo  14 
site  for  21  hr.  Five  small  samples  from  the  upper 
part  of  the  foil  have  been  analyzed  to  date  to 
determine  noble-gas  concentrations.  The  helium-4 
flux  observed  is  definitely  lower  than  the  flux 
detected  during  previous  missions,  but  the 
helium-4/helium-3  ratio  is  similar  to  that  obtained 
during  the  Apollo  12  mission  and  higher  than  that 
obtained  during  the  Apollo  1 1 mission.  Several 
isotopes  of  neon  were  detected,  and  their  concen- 
trations were  measured.  For  the  first  time,  the 
presence  of  argon  in  the  solar  wind  has  been  de- 
tected. The  accuracy  of  the  isotopic  ratios  for 
argon  will  be  improved  when  larger  pieces  of  foil 
have  been  examined. 

Lunar  Portable  Magnetometer 

The  Apollo  12  ALSEP  included  a magnetom- 
eter that  measured  the  unexpectedly  intense, 
steady  magnetic  field  of  38  gammas  at  the  ALSEP 
site.  The  Apollo  14  ALSEP  does  not  include  a 
stationary  magnetometer;  instead,  a new  instru- 
ment, the  lunar  portable  magnetometer  (LPM), 
was  used  during  the  seeond  EVA  to  measure  the 
magnetic  field  at  two  locations  separated  by  l.l 
km.  These  measurements  yielded  values  of  103 
and  43  gammas,  which  indicated  that  the  magnetic 
anomaly  at  the  Apollo  12  landing  site  (181  km 


away)  is  by  no  means  unique  on  the  Moon.  These 
results,  together  with  the  relatively  high  magnetic 
remanence  found  in  returned  lunar  samples  from 
all  landing  sites  to  date,  give  evidence  that  much 
of  the  lunar-surface  material  has  been  magnetized 
— perhaps  even  the  entire  crustal  shell  around 
the  Moon.  The  LPM  measurements  enable  a 
magnetic-field  gradient  of  54  gammas/km  to  be 
calculated,  which  is  less  than  the  upper  limit  of 
1 33  gammas/km  that  was  determined  from  meas- 
urements with  the  Apollo  12  magnetometer. 

S-Band  Transponder  Experiment 

The  S-band  transponder  experiment  used  pre- 
cision doppler  tracking  of  the  command  and 
service  module  and  the  LM  to  provide  detailed 
information  about  the  near-side  lunar  gravity  field. 
This  technique  was  used  with  the  Lunar  O:  biter 
spacecraft  and  resulted  in  the  discovery  of  the 
large  gravity  anomalies  called  mascons.  The 
Apollo  tracking  system  is  capable  of  measuring 
line-of-sight  velocity  with  a resolution  of  0.65 
m/sec. 

Reduction  of  the  data  obtained  during  the 
Apollo  14  mission  is  in  progress.  Preliminary  re- 
sults show  that  the  gravity-anomaly  profile  over 
the  mascon  in  Mare  Ncctaris  has  a flat-topped 
appearance  that  is  characteristic  of  a shallow  plate- 
shaped  mass  anomaly.  If  other  mascons  exhibit 
this  characteristic,  it  will  be  evidence  that  the 
mascons  arc  ncar-surfacc  features  rather  than 
deeply  buried  inhomogeneities.  Results  of  the 
analysis  of  the  crash  orbit  of  the  Apollo  14  LM 
ascent  stage  will  be  particularly  interesting.  Data 
were  obtained  at  very  low  altitudes,  which  may 
enable  small  anomalies  (a  few  kilometers  in 
diameter)  to  be  discerned. 

Ancillary  Experiments 

In  addition  to  the  preceding  experiments,  sev- 
eral less  formal  investigations  were  conducted 
during  the  Apollo  14  mission.  The  details  of 
these  investigations  will  be  published  elsewhere. 

The  first  such  investigation  concerned  the  light 
flashes  that  all  crews  since  Apollo  11  have  ob- 
served, when  in  the  dark  or  when  they  closed  their 
eyes,  while  in  transit  to  and  from  the  Moon  and 
in  lunar  orbit.  The  Apollo  14  crew  was  briefed  on 
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this  phenomenon  before  the  mission,  and  an 
observational  schedule  was  suggested  that  was 
intended  to  test  the  various  theories  of  the  origin 
of  the  flashes.  The  most  significant  result  obtained 
during  the  flight  was  the  discovery  that  it  is  not 
necessary  to  be  dark  adapted  to  see  the  flashes. 
This  observation  indicates  that  Cerenkov  radia- 
tion from  energetic  cosmic  rays  traversing  the  eye- 
ball, which  had  been  the  most  widely  accepted 
explanation  for  the  light  flashes,  probably  does 
not  cause  all  or  most  of  the  flashes  because  the 
light  from  this  source  is  quite  faint.  Comparison 
with  results  of  recent  terrestrial  experiments  (in 
which  human  subjects  were  exposed  to  particle 
beams  from  accelerators)  suggests  that  some  of 
the  flashes  observed  in  space  may  be  caused  by 
direct  ionization  interactions  of  cosmic  rays 
within  the  retina. 

During  transearth  coast,  the  crew  conducted  a 
series  of  simple  demonstrations  with  the  objective 
of  gathering  design  data  for  use  in  future  scien- 
tifi ' and  engineering  applications.  These  demon- 
strations were  shown  on  television  and  were 
filmed,  and  samples  were  returned  to  Earth  for 
analyses,  which  are  presently  in  progress.  The 
results  to  date  are  as  follows. 

Compose  Costing 

Eleven  samples  of  various  immiscible  compo- 
sitions were  heated,  mixed  by  shaking,  and  al- 
lowed to  solidify  by  cooling  in  zero  gravity. 
Laboratory  analysis  has  not  yet  been  completed, 
but  X-ray  examination  of  the  samples  indicates 


that  more  homogeneous  mixing  was  achieved  than 
is  possible  with  similar  samples  on  Earth.  Further 
research  in  this  area  may  result  in  the  manufacture 
of  new  combinations  of  materials  in  the  space 
environment  (such  as  immiscible  composites  and 
supersaturated  alloys)  for  structural,  electronic, 
and  other  applications. 

Electrophoretic  Separation 

Results  to  date  indicate  that  electrophoresis 
(which  is  a technique  commonly  used  on  Earth 
for  analysis  or  separation  of  chemical,  especially 
organic,  mixtures)  provides  a sharper  separation 
in  zero  gravity  because  of  a reduction  of  sedimen- 
tation and  thermal  convective  mixing.  This  process 
may  allow  economical  purification  and  separation 
of  high-value  biological  materials  in  space. 

Heat  Flow  and  Convection 

It  was  demonstrated  th  surface  tension  can 
produce  Benard  cells  in  a liquid,  independently 
of  gravity-induced  convection.  Zone  heating  of 
liquid  samples  produced  an  unexpected  cyclic 
heat-flow  pattern  that  is  now  under  study. 

Liquid  Transfer 

The  liquid-transfer  demonstration  clearly 
showed  that  suitable  baffles  inside  a tank  in  zero 
gravity  permit  positive  expulsion  of  liquid  con- 
tents, taking  advantage  of  the  surface-tension 
properties  of  the  liquid. 
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2.  Summary  of  Scientific  Results 

Joseph  P.  Allen^ 


The  major  scientific  objectives  of  the  Apollo  15 
mission  were  to  carry  out  extensive  geological  explo- 
ration, comprehensive  sampling,  and  photographic 
documentation  of  the  Apennine  Front  at  Hadley 
Delta,  Hadley  Rille.  and  the  mare  plain;  to  emplace 
the  Apollo  lunar  surface  experiments  package 
(ALStP)  neat  the  landing  site;  and  to  perform  a series 
of  iurvey  experiments  with  the  scientific  instrument 
module  (SIM)  equipment  from  lunar  orbit  and  during 
transearth  coast.  The  main  scientific  phase  of  the 
mission  began  when  the  Apollo  15  lunar  module 
(LM)  landed  as  planned  on  the  mare  plain  at  the 
eastern  margin  of  the  multiringed  Imbrian  basin  just 
inside  the  arcuate  Apennine  mountain  range.  The 
scientific  adventure  by  no  means  ended  with  com- 
mand module  (CM)  splashdown  in  the  Pacific  Ocean, 
however;  rather,  the  adventure  continues  as  the 
returned  samples  and  photographs  are  studied  and  as 
the  data  transmitted  daily  from  the  ALSER  and  the 
orbiting  subsatellite  are  analyzed.  Only  the  initial 
results  of  these  scientific  investigations  are  contained 
in  the  Apollo  15  Preliminary  Science  Report.  When- 
ever possible,  data  trends  from  each  of  the  experi- 
ments are  indicated  in  this  summary,  and  tentative 
interpretations  based  on  these  trends  are  pointed  out, 
It  should  be  emphasized  that,  because  the  results  are 
preliminary,  the  interpretations  based  on  the  results 
possibly  will  change  as  more  data  become  available 
and  the  analyses  continue. 

GEOLOGIC  INVESTIGATION 

Because  of  the  extended  capahihty  of  the  life- 
support  equipment  and  the  new  motnlity  provided  by 
the  lunar  roving  vehicle  (Rov^rf  Jic  Apollo  15 
astronauts  explored  a much  laigcr  area  than  had  been 
possible  on  previous  missions.  The  three  major 

^NASA  Manned  Spacecraft  Cenicr. 


geological  objectives  investigated  during  the  traverses 
were  the  Apennine  Front  along  Hadley  Delta,  Hadley 
Rille  at  locations  west  and  southwest  of  the  landing 
site,  and  the  mare  plain  at  various  locations.  Exten- 
sive information  also  was  obtained  about  the  secon- 
dary crater  cluster  near  the  Hadley  Delta  scarp  and, 
although  I.  ^ visited,  about  the  North  Complex  by 
photograph  the  south-facing  exposures  of  this 
positive  feature. 

The  Apenni»ie  Mountains,  which  rise  above  the 
Imbrian  plain  to  heights  of  nearly  5 km,  are  thought 
to  be  fault  blocks  uplifted  and  segmented  by  the 
Imbrian  impact.  The  frontal  scarp  of  Hadley  Delta, 
consequently,  is  i iterpreted  as  an  exposed  section  of 
the  pre-lmbrian  lunar  crust.  For  this  reason,  the 
frontal  scarp  of  Hadley  Delta  was  of  highest  priority 
for  exploration  during  the  mission.  The  mountain 
front  was  visited  on  both  the  first  and  second 
traverses;  and  it  was  sampled,  photographed,  and 
described  extensively  during  this  time.  In  general,  the 
Apennine  Mountains  show  gentle  to  moderate  slopes 
and  are  sparsely  cratered,  with  very  subdued,  rounded 
outlines.  Large  blocks  are  extremely  scarce  on  ihc 
mountain  flanks,  which  suggests  a gravitationally 
transported,  thick  regolith  cover  on  the  lower  por- 
tions of  the  mountain  with  a thinner  cover  of  debris 
on  the  upper  slopes.  Sets  of  stark,  sharply  etched, 
parallel  linear  patterns,  completely  unexpected  before 
the  mission,  appear  on  many  of  the  mountain  faces. 
These  major  lineaments  may  represent  the  expres- 
sions of  sets  of  compositional  layers  or  regional 
fractures  showing  througli  the  regolith.  However,  the 
ambiguities  introduced  by  the  oblique  lighting  of  the 
vertical  exposures  make  difficult  an  unequivocal 
interpretation  of  these  linear  patterns.  For  example, 
the  linear  ribs  clearly  present  in  photographs  of  Silver 
Spur  and  vividly  described  in  real  time  by  the  crew 
may  be  the  expression  of  gently  dipping  massive  rock 
layers,  or  they  may  rcllect  near-vertical  geologic 
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structure.  The  dark  band  observed  by  the  crew  near 
the  base  of  Mt.  Hadley  is  intermittently  visible  in 
both  the  surface  photographs  and  the  panoramic- 
camera  photographs  of  the  landing  site.  This  feature 
is  quite  possibly  the  remnant  of  a high-lava  mark  left 
after  the  subsidence  of  the  mare  basalts  following  a 
partial  lava  drain-back  or  a cooling  shrinkage  during 
one  episode  of  basm  filling. 

The  rocks  collected  from  the  mountain  front  are 
mainly  breccias;  many  are  glass  coated.  The  absence 
of  clasts  of  older  breccias  within  them  distinguish  the 
Apollo  15  rocks  from  the  Apollo  14  samples.  The 
samples  from  the  mountain  front  are  of  three  types: 
(1)  friable  breccias  with  clasts  of  nonmare -type 
basalt,  of  mare -type  basalt,  and  of  glass  fragments;  (2) 
coherent  breccias  with  a vitreous  matrix  that  contains 
clasts  of  nonmare-type  basalt  and  granulated  olivines 
and  pyroxenes;  and  (3)  well-Iithified  breccias  with 
abundant  granulated  feldspathic  clasts. 

Hadley  Rille,  interpreted  as  one  of  the  freshest 
sinuous  rilles  found  on  the  Moon,  was  visited  during 
the  first  and  third  traverses.  The  exposed  rille  walls, 
on  both  the  near  and  far  sides,  were  photographed  in 
detail,  and  the  rille  rim  and  several  massive  outcrops 
on  the  near  side  were  extensively  sampled.  The 
exposed  bedrock  strata  visible  in  the  photographs 
have  thicknesses  as  great  as  60  m,  are  distinctly 
layered,  and  exhibit  varying  surface  textures  and 
albedos.  These  characteristics  are  indicative  of  a 
number  of  individual  flow  units.  All  the  layers  are 
nearly  horizontal.  The  talus  deposits  over  the  lower 
sections  of  the  rille  walls  contain  enormous  blocks 
shed  from  the  poorly  jointed  outcrops  above.  Un- 
broken blocks  of  the  sizes  seen  (approaching  20  m in 
dimension)  are  uncommon  on  Earth.  The  detailed 
shape  of  the  rille,  the  regolith  cover  of  the  rims,  the 
lithologies  of  the  outcrops  and  talus  deposits,  and  the 
stratigraphy  displayed  in  the  rille  walls  are  discussed 
in  greater  detail  in  sections  5 and  25. 

The  dark  plain  of  the  mare  surface  is  generally 
smooth  to  gently  undulating  and  hummocky.  Rocks 
cover  approximately  1 percent  of  the  surface,  except 
for  the  rougher  ejecta  blankets  around  the  numerous 
subdued  craters.  The  morphology  of  the  craters  in  the 
surface  indicates  the  mare  age  to  be  late  Imbrian  to 
early  Eratosthenian,  and  the  specific  sampling  sites 
visited  by  the  crew  span  this  age  range.  For  example, 
a 15-m-diamctcr  crater  with  a widespread  glassy 
ejecta  blanket  probably  represents  the  youngest 
surface  feature  (station  9)  yet  sampled  on  the  Moon. 


Initial  study  of  the  panoramic-camera  photog- 
raphy of  the  landing  site  indicates  a possible  sub- 
division of  the  mare  into  four  geological  units 
characterized  by  differences  in  crater  population  and 
surface  texture.  The  rocks  collected  from  the  marc 
and  from  the  exposed  outcrops  at  the  rille  edge 
consist  mainly  of  basalts  with  abundant,  coarse, 
yellow -green  to  brown  pyroxene  and  olivine  phyric 
basalts.  In  addition  to  the  characteristics  of  the  major 
geologic  features,  the  optical  properties  of  the  surface 
materials,  as  recorded  in  the  many  photographs;  a 
number  of  smaller  scale  features,  such  as  the  craters, 
fillets,  and  lineaments  that  are  typical  of  the  Hadley 
region;  and  the  individual  samples  themselves  are 
discussed  in  detail  in  section  5. 

PRELIMINARY  EXAMINATION  OF 
LUNAR  SAMPLES 

A total  of  77  kg  of  samples  was  returned  from  the 
Hadley  area.  These  samples  consist  of  rocks  that 
weigh  from  1 g to  9.5  kg,  three  core  tubes,  a 
deep-drill  corestem,  and  a variety  of  soil  samples 
taken  from  the  two  distinct  selenologic  regions  at  the 
Hadley  site  (the  mare  plain  and  the  base  of  Hadley 
Delta).  The  Lunar  Sample  Preliminary  Examination 
Team  has  made  a macroscopic  study  of  the  more  than 
350  individual  rock  samples  and  additional  petro- 
graphic and  chemical  studies  of  a selected  few  of 
these  «^imples.  The  rocks  from  the  mare  plain  fit  into 
two  categories:  (1)  extrusive  and  hypabyssal  basalts 
and  (2)  glass-covered  breccias.  The  rocks  from  the 
base  of  Hadley  Delta  exhibit  a variety  that  ranges 
from  breccias  to  possible  metaigneous  rocks. 

The  mare  basalts  appear  to  be  fresh  igneous  rocks 
with  textures  that  range  from  dense  to  scoriaceous. 
The  chemical  composition  of  these  rocks  is  very 
similar  to  the  compositions  of  those  basalts  returned 
from  the  Apollo  1 1 and  12  and  Luna  16  mare  sites. 
In  particular,  the  mare  basalts  are  high  in  iron,  with  a 
correspondingly  high  iron-ox ide-to-magnesium-oxide 
ratio,  and  low  in  sodium  oxide,  in  contrast  to 
terrestrial  basalts.  Thin-section  examinations  of  13  of 
these  basalts  reveal  four  different  textural  types:  (1) 
porphyritic-clinopyroxene  basalt  with  3-  to  9-mm- 
long  prisms,  (2)  porphyritic-clinopyroxene-basalt  vi- 
trophyre  with  1-  to  7-mm-long  skeletal  prisms,  (3) 
porphyritic-olivine  basalt,  and  (4)  highly  vesicular 
basalt. 

A number  of  rock  fragments  from  Spur  Crater  and 
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many  of  the  clasts  in  breccias  from  the  mountain 
from  are  basalts  that  are  distinctly  different  from  the 
mare  basalts.  Specific  differences  are;  (1)  The  plagio- 
clase-to-mafic-mineral  ratio  is  I,  compare]  with  a 
ratio  of  0.5  for  the  mare  basalts;  (2)  the  pyroxene  is 
light  brown  to  tan  with  no  zoning,  compared  with  the 
cinnamon -brown,  zoned  pyroxene  of  the  mare  ba- 
salts; (3)  the  grain  size  o*  all  mineral  phases  is  less 
than  1 mm,  compared  with  some  grains  as  large  as  1 
cm  in  mare  basalts;  and  (4)  no  vugs  or  vesicles  are 
found  in  the  nonmare  basalts,  in  sharp  contrast  to  the 
often  highly  vesiculated  mare-basalt  samples. 

Many  types  of  clastic  and  metamorphosed  rocks 
were  found  along  the  traverse  routes  at  the  Hadley 
site,  including  several  unique  specimens  that  are 
discussed  individually  in  section  6.  The  greatest 
variety  of  these  rocks  was  concentrated  along  the 
base  of  Hadley  Delta,  where  all  the  samples  have 
undergone  shock  metamorphism  and  brecciation. 

The  soils  returned  from  the  Hadley-Ap'^nnine  area 
are  similar  in  most  respects  to  soil  samples  returned 
from  previous  missions.  The  soil  is  composed  pri- 
marily of  the  following  particle  types:  (1)  agglut- 
inates plus  brown-glass  droplets,  (2)  basalt  fragments 
of  different  textures,  (3)  mineral  fragments,  (4) 
microbreccias,  and  (5)  glasses  of  varying  color  and 
angularity,  including  j particular  component  of  green- 
glass  spheres  never  before  observed  in  lunar  soils.  The 
chemical  composition  of  the  soil  samples,  particularly 
from  the  mare  regions,  is  distinctly  different  from  the 
composition  of  the  rocks  from  presumably  the  same 
locales.  A linear  correlation  involving  the  iron  oxide 
and  aluminum  oxide  constituents  of  the  soil  and 
rocks  from  the  Apollo  sites  suggests  that  the  soil  may 
be  derived  from  a range  of  rock  material,  with  the 
two  end  members  being  the  iron-rich  mare  basalt  and 
the  aluminum-rich,  iron-poor  nonmare  basalt. 

A total  of  4.6  kg  of  material  was  returned  from 
the  Hadley  site  in  the  form  of  core  samples.  A 
deep-drill  corestem  of  six  sections  was  driven  to  a 
depth  of  2.4  m into  the  regolith  near  the  landing  site. 
All  except  part  of  the  lowest  section  was  returned 
completely  full.  Stereoscopic  X-radiographs  of  this 
deep-drill  core  reveal  significant  variations  in  pebble 
concentraticn  and  in  the  density  of  the  material  along 
the  core.  These  variations  indicate  the  presence  of 
more  than  50  individual  layers  with  thicknesses  from 
0.5  to  21  cm.  In  addition,  three  drive  tubes  with  a 
maximum  penetration  as  great  as  70  cm  were 
returned.  As  with  the  deep-drill  core,  X-radiographs 


of  the  lunar  material  within  these  tubes  reveal  distinct 
layering  and  a spectrum  of  soil  textures  and  fragment 
sizes.  The  deep-drill  core  and  the  three  drive  cores  all 
show  that  the  lunar  regolith  has  a substantial  strati- 
giaphic  history. 

The  gamma-ray  spectra  of  19  samples  have  been 
measured  to  determine  the  concentrations  of  primor- 
dial radioactivity  of  potassium40,  uranium-238,  ana 
thorium-232  and  of  the  cosmic-ray-induced  radio- 
activity of  aluminum-27  and  sodium-22.  In  general, 
the  radionuclide  abundance  is  similar  to  that  seen  at 
previous  sites.  The  potassium-to-uranium  ratio  of 
both  the  mare  basalts  and  soils  at  the  Hadley  site  is 
strikingly  different  from  the  ratio  measured  in  terres- 
trial samples,  which  is  further  evidence  in  support  of 
an  earlier  hypothesis  concerning  differences  between 
Earth  and  Moon  materials. 

Concentrations  of  noble-gas  isotopes  measured  in 
the  samples  from  the  Hadley-Apennine  area  are 
similar  to  Ihe  abundances  previously  measured  in 
lunar  materials.  Variations  in  the  a;gon40  com- 
ponent of  the  soils  are  found  at  this  site,  as  was  the 
case  for  samples  from  previous  sites,  which  suggests, 
for  example,  differing  concentrations  of  argon40  in 
the  lunar  atmosphere  or  differing  argon40  retention 
efficiencies  of  the  soils.  Concentrations  of  the  spalla- 
tion-produced isotopes,  neon-21,  krypton-80,  and 
xenon-126,  result  in  rock  exposure  ages  in  the  range 
of  50  to  500  X 10^  yr,  which  is  similar  to  the  range 
of  exposure  ages  measured  in  the  Apollo  1 1 and  12 
samples. 

The  total  carbon  content  for  several  samples  has 
been  determined.  As  found  for  the  materials  from 
previous  lunar  sites,  the  total  carbon  content  for  the 
soils  and  breccias  is  higher  than  for  the  igneous 
samples.  This  continued  systematic  difference  in 
carbon  content  seems  to  confirm  the  idea  that  much 
of  the  carbon  in  the  lunar  soil  may  originate  in  the 
solar  wind. 

SOIL-MECHANICS  EXPERIMENT 

The  objectives  of  the  soil-mechanics  investigation 
are  to  examine  the  physical  characteristics  (such  as 
particle  sizes,  shapes,  and  distributions)  and  the 
mechanical  properties  (such  as  particle  density, 
strength,  and  compressibility)  of  the  in  situ  lunar  soil 
and  to  examine  the  variation  of  these  parameters 
laterally  over  the  areas  traveised  at  the  Hadley  site. 
The  longer  duration  of  the  extravehicular  activities 
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and  the  correspondingly  larger  distances  covered  with 
the  Rover,  the  variety  of  the  geological  units  found  at 
the  Hadley-Apennine  site,  and  the  quantitative  mea- 
surements provided  by  the  self-recording  penetrom- 
eter (a  device  carried  for  the  first  time  on  this 
mission)  have  resulted  in  a number  of  conclusions. 

The  lunar  surface  at  the  Hadley  site  is  similar  in 
color  and  texture  to  the  surfaces  at  the  previous 
landing  sites.  Although  the  variability  of  grain-size 
distribution  of  samples  from  the  Apollo  15  site 
appears  to  be  less  than  the  variability  found  at  the 
Apollo  12  and  14  sites,  considerable  variety  exists, 
both  with  depth  and  laterally,  in  the  soil  properties  of 
strength  and  compressibility.  For  example,  the  com- 
pressibility ranges  from  soft  along  the  mountain  front 
to  much  firmer  near  the  rim  of  Hadley  Rilie. 
Evidence  exists  of  downslope  movement  of  surficial 
material  on  the  walls  of  Hadley  Rilie;  however,  no 
evidence  of  deep-seated  slope  failures  along  the 
mountain  front  was  found. 

Soil  densities  derived  from  both  the  core-tube  and 
the  deep-drill  corestem  samples  exhibit  considerable 
variability  that  ranges  from  approximately  1.3  to  2.2 
g/cm^.  The  self-recording-penetrometer  data  indicate 
an  in  situ  density  of  approximately  2.0  g/cm^,  a high 
soil  strength,  and  a low  soil  compressibility.  \Vhen 
coupled  with  additional  data  from  the  soil-mechanics 
trench  dug  near  the  ALSEP  site,  the  penetrometer 
information  can  be  used  to  estimate  the  cohesion  and 
friction  angle  of  the  lunar  soil.  The  values  for  both 
these  parameters  are  higher  than  the  values  that 
resulted  from  experiments  conducted  during  previous 
missions. 


PASSIVE  SEISMIC  EXPERIMENT 

The  purpose  of  the  passive  seismic  experiment  is 
to  study  the  lunar-surface  vibrations,  from  which 
interpretations  of  the  internal  structure  and  physical 
state  of  the  Moon  can  be  determined.  Sources  of 
seismic  energy  may  be  internal  (from  moonquakes)  or 
external  (from  impacts  of  both  meteoroids  and  spent 
space  hardware).  In  either  case,  a straightforward 
determination  of  the  unambiguous  st^urcc  locations 
requires  at  least  three  vibration -sensing  instruments 
monitoring  the  event  of  interest.  The  Apollo  15 
passive-seismometer  station  represents  the  third  of  a 
network  of  seismomeleis  now  operating  on  the  lunar 
surface,  thus,  the  successful  deployment  of  this 


instrument  marked  a vitally  important  step  in  the 

investigation  of  the  Moon. 

Seismic  data  accumulated  over  the  first  45  days 
of  operation  have  been  analyzed,  and  the  preliminary 
results  are  summarized  as  follows.  Seismic  evidence 
for  a lunar  crust  and  mantle  has  been  found.  The 
thickness  of  the  crust  is  between  25  and  70  km  in  the 
region  of  the  Apollo  12  and  14  landing  sites.  The 
velocity  of  compressional  waves  in  the  crustal  ma- 
terial is  between  6.0  and  7.5  km/sec,  which  is  a range 
that  spans  the  velocities  expected  for  the  feldspai-nch 
rocks  found  on  the  lunar  surface.  The  transition 
the  crustal  material  to  the  mantle  material  m 
gradual,  starting  at  a depth  of  approximately  2^ 
or  rapid,  with  a sharp  discontinuity  at  a depth  o* 
to  70  km.  In  either  case,  the  compressional-wave 
velocity  reaches  9 km/sec  in  the  subcrustal  mantle 
mateiial,  and  the  contrast  in  elastic  properties  of  the 
rocks  comprising  these  two  major  layers  is  at  least  as 
great  as  the  contrast  that  exists  between  the  materials 
comprising  the  crust  and  mantle  units  of  the  Earth. 

The  major  part  of  the  natural  lunar  seismic  energy 
detected  by  the  network  is  in  the  form  of  periodic 
moonquakes  that  occur  near  times  of  perigee  and 
apogee  and  that  originate  from  at  least  10  separate 
locations.  However,  a single  focal  zone  at  a depth  of 
approximately  800  km,  with  a dimension  less  than  10 
km  and  with  an  epicenter  approximately  600  km 
south-southwest  of  the  Apollo  12  and  14  sites, 
accounts  for  80  percent  of  the  seismic  energy 
detected.  The  release  of  seismic  energy  at  these 
depths  (which  are  slightly  greater  than  any  known 
earthquake  sources)  suggests  that  the  lunar  interior  at 
these  depths  must  be  rigid  enough  to  support 
appreciable  stress.  This  fact,  m turn,  places  strong 
constraints  on  realistic  thermal  models  of  the  lunar 
interior. 

In  addition  to  the  periodic  moonquakes,  episodes 
of  frequent  small  moonquakes  have  been  discovered. 
Individual  events  m:^y  occur  as  frequently  as  every  2 
hr  for  periods  lasting  up  to  several  days.  The  source 
of  (he  moonquake  swarms  is  at  present  unknowii,  but 
they  may  well  result  from  continuing  minor  adjust- 
ments to  stresses  in  the  outer  shell  of  the  Moon. 

The  average  rate  of  sei«mic-encrgy  release  within 
the  Moon  is  far  below  that  of  the  Earth.  Thus,  the 
outer  crust  ana  mantle  of  the  Moon  appear  to  be 
relatively  cold  and  stabh  compared  with  that  of  the 
Earth,  and  significaiu  internal  convection  currents 
causing  lunar  tectonism  seem  to  be  absent;  however, 
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the  discovery  of  moonquakes  at  great  depths  suggests 
the  possibility  of  some  very  deep  convective  motion. 

Seismic  energy  deposited  at  the  lunar  surface  by 
an  impacting  meteoroid  manmade  objcM  is  con- 
fined for  a surprisingly  long  time  in  the  near-source 
area  by  efficient  scattering  near  the  surface.  Neverthe- 
less. the  energy  slowly  dissipates  through  interior 
propagation  to  more  distant  parts  of  the  Moon,  and, 
for  this  reason,  all  but  the  smallest  of  impact  signals 
from  all  parts  of  the  Moon  are  probably  detected  at 
the  operating  seismic  stations. 

LUNAR-SURFACE  MAGNETOMETER 
EXPERIMENT 

The  Apollo  15  n.agnetometer,  which  is  the  third 
and  all-importan.  member  of  the  magnetometer 
network  now  on  the  lunar  surface,  was  deployed  to 
study  intrinsic  remanent  magnetic  fields  and  to 
observe  the  global  magnetic  response  of  the  Moon  to 
large-scale  solar  and  terrestrial  magnetic  fields  im- 
posed on  It.  Fundamental  properties  of  the  lunar 
interior,  such  as  electrical  conductivity,  magnetic 
permeability,  and  temperature  profile,  can  be  calcu- 
lated from  these  magnetic  measurements.  The  mea- 
suring and  understanding  of  these  properties  arc 
obvious  requirements  for  meaningful  theoreucai  des- 
cnptions  of  the  origin  and  evolution  of  the 

The  three  fluxgate  sensors  of  the  Apol'o  15 
instrument  show  a steady  magnetic  field  of  approxi- 
mately 5 7 at  the  Hadley  site,  which  is  considerably 
smaller  than  the  38-7  field  measured  at  the  ApoMo  1? 
site  anu  the  103-  and  43-7  fields  measured  at  the  two 
locations  at  the  Apollo  14  site.  The  b’llk  relative 
permeability  of  the  Moon  is  calculate^  irom  the 
magnetometer  data  to  be  near  unity.  The  electrical 
conductivity  of  the  lunar  interior  is  obtained  uom 
measurements  of  the  response  of  the  Moon  to 
externally  imposed,  variable  magnetic  fields;  and 
these  measurements  can  be  interpreted  in  terms  of  a 
spherically  symmetric,  three-layer  model  that  has  a 
thin  outer  crust  (extending  from  the  radius  of  the 
Moon  to  0.‘^5  the  radius  of  the  Moon)  of  very  low 
conductivity,  an  intermediate  layer  (extending  fiom 
0.ri5  the  radius  of  the  Moon  to  0.6  the  radius  of  the 
Moon)  with  a conductivity  of  approximately  10^ 
mho/ni,  and  an  inner  core  (of  a diameter  approxi- 
mately Oh  the  radius  of  the  Moon)  of  conductivity 
greater  than  10  ^ mho/m.  In  the  case  of  an  olivine 
Moon,  these  values  correspond  to  a temperature 


profile  of  440  K for  the  crustal  layer,  approximately 
800  K for  the  intermediate  layer,  and  greater  than 
1240  K for  the  central  core. 

SOLAR-WIND  SPECTROMETER 
EXPERIME.T 

Two  identical  solar-wind  spectrometer  experi- 
ments now  operate  1 100  km  apart  at  the  Apollo  12 
and  the  Apollo  15  sites.  Solar-wind  plasma,  magneto 
sphere  plasma,  and  magnetopause  crossings  have  been 
observed  by  both  instrumcius,  which  show  good 
internal  agreement  of  observations;  for  example, 
simultaneous  (within  15  sec)  changes  in  proton 
densities  and  velocities  are  detected  at  both  sites.  As 
first  measured  with  the  Apollo  12  instrument,  the 
solar  plasma  at  the  lunar  surface  is  indistinguishable 
from  the  solar  plasma  some  distance  out  fro*^  the 
S'  rface  (monitored  by  orbiting  instruments),  when 
the  Moon  is  both  ahead  of  and  behind  the  magnetic 
bow  shock  of  the  Earth, 

HEAT-FLOW  EXPERIMENT 

The  hcat-fiow  experiment  is  designed  to  make 
icinperature  and  thermal-property  measurements 
within  the  lunar  subsurface  in  order  to  determine  the 
rate  at  which  heat  is  flowing  out  of  the  interior  of  the 
Moon.  This  heat  loss  is  directly  related  to  the  rate  of 
internal  heat  production  and  to  the  internal  tempera- 
ture profile;  hence,  the  measurements  result  in 
information  about  the  abundances  of  long-lived  radio- 
isotopes within  the  Moon  and,  in  turn,  result  in  an 
increased  understanding  of  tht  thermal  evolution  of 
the  body. 

Emplacement  of  the  first  hcat-llov/  experiment 
into  the  lunar  surface  was  completed  during  the 
second  period  of  extravehicular  activity  at  the  Hadley 
site.  Initial  measurements  with  this  instri  nent  show  a 
subsurface  temperature  at  i .0  m below  the  surface  of 
approximately  252.4  K at  one  probe  site  and  250.7  K 
at  the  other,  which  are  temperatures  that  arc  approxi- 
mately 35  K above  the  mean  surface  temperature, 
i-jom  1.0  to  1.5  m below  the  surface,  the  tempera- 
ture increases  at  the  rate  of  1 .75  K/n.  (i2  percent^  In 
silu  conductivity  measurements  result  in  values  be- 
tween 1.4  X 10“^  and  2.5  X 10^  W/cm- K at  ucpih 
4 nd  arc  found  to  be  greater  than  the  conductivity 
values  of  the  surface  regohtli  by  a faclor  of  7 to  10, 
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which  indicates  that  conductivity  increases  with 
depth  as  well 

Preliminary  analysis  of  these  results  indicates  that 
the  heat  flow  from  beiow  the  Hadley-Apennine  site  is 
3.3  X 10"^  W/cm^  (±15  percent).  This  value  is 
approximately  one-half  the  average  heat  flow  of  the 
Earth.  By  assuming  that  this  value  is  an  accurate 
representation  of  the  heat  flow  at  the  Hadley  site 
(while  realizin<*  that  data  accumulation  over  a number 
of  lunations  wiM  be  required  to  establish  this  accu- 
racy) and  bv  further  assuming  that  this  value  is 
representative  of  the  moonwide  h^at-flow  value,  then 
consideration  of  the  Moon  as  a sphere  with  uniform 
internal  heat  generation  results  in  a picture  of  the 
Moon  as  a far  more  radioactive  body  than  had  been 
previously  suspected,  and  a far  more  radioactive  body 
than  suggested  by  the  ordinary  chondrites  and  the 
type  1 carbonaceous  cnondrites  that  have  been  used 
to  construct  the  standard  models  of  the  Earth  and  the 
Moon  to  date. 

SUPRATHERMAL  ION  DETECTOR 
EXPERIMENT  (LUNAR  IONOSPHERE 
DETECTOR) 

The  suprathermal  ion  detector  experi^nent  de- 
ployed at  the  Apollo  15  site  is  identical,  except  for 
the  ion  mass  rat.5cs  covered,  to  the  instruments 
operating  at  the  Apollo  12  and  14  sites,  and  the 
Apollo  15  experiment  is  the  third  member  of  this 
ion-monitoring  network.  In  the  first  days  of  opera- 
tion, a number  of  energy  and  mass  spectra  of  positive 
ions  were  measured,  primarily  from  the  gas  clouds 
vented  by  the  spacecraft  and  other  mission-associated 
equipment.  At  lunar  lift-off,  for  example,  a marked 
decrease  in  the  magnetosheath-ion  fluxes  was  ob- 
served. This  decrease  lasted  approximately  8 min  and 
is  attributed  to  either  a change  in  the  ion  flow 
direction  (because  of  the  exhaust-gas  cloud)  or  to 
energy  loss  o<'  the  ions  passing  through  the  exhaust- 
gas  cloud.  Some  hours  later,  the  ascent  stage  im- 
pacted the  lunar  surface  nearly  100  km  west- 
northwest  of  the  Hadley  site,  and  the  ions  that 
resulted  from  the  impact-generated  cloud  were  moni- 
tored. 

Multiple-site  observations  of  ion  events  that  possi- 
bly correlate  with  seismic  events  of  an  impact 
character  (recorded  at  the  seismic  stations)  have 
resulted  in  information  about  the  apparent  motions 
of  the  ion  clouds.  Typical  travel  velocities  have  been 


calculated  to  be  appro/wimately  80  m/sec.  Numbers  of 
single-site  ion  events  have  been  detected,  some  with 
ions  in  the  mass  range  of  16  to  20  amu/^,  which 
corresponds  quite  possibly  to  the  release  of  water 
vapor  from  deep  beiovv-  the  lunar  surface.  The  500-  to 
1000-eV  ions  streaming  along  the  magnetosheath 
have  been  observed  simultaneously  by  all  three 
suprathermal  ion  detectors.  This  ion  flux  is  strongly 
peaked  in  the  down-Sun  direction,  which  is  a fact 
established  by  the  different  look  directions  of  the 
individual  instruments. 

COLD  CATHODE  GAGE  EXPERIMENT 
(LUNAR-ATMOSPHERE  DETECTOR) 

The  cold  cathode  gage  experiment  that  was  de- 
ployed at  the  Hadley  site  is  similar  to  the  instruments 
at  the  Apollo  12  and  14  sites  and  i^  intended  to 
measure  the  density  cf  the  tenuous  lunar  atmosphere 
at  the  lunar  surface.  This  anticipated  thin  concentra- 
tion of  gases  is  a result  of  the  solar  wind,  the  possible 
continued  release  of  molecules  from  the  lunar  interior 
through  the  lurnir  crust,  and  ceriain  venting  and 
outgassing  from  the  LM  descent  stage  and  other  gear 
left  on  the  Moon.  The  contamination,  however, 
should  decrease  with  time  in  a recc^nizable  way. 

As  mi^t  be  expected  from  cold  cathode  gage 
experiment  results  from  the  earlier  missions,  the  gas 
concentrations  observed  during  the  lunar  days  appear 
to  be  overwhelmingly  a result  of  contaminants 
released  by  the  LM  and  associated  equipment.  How- 
ever, during  the  lunar  nights,  the  observed  concentra- 
tions, which  are  typically  less  than  2X10®  particles/ 
cm^ , are  lower  even  than  the  concentrations  expected 
from  the  neon  component  of  the  solar  wind  alone. 
This  fact  suggests  that  the  contammant  gases  from 
spacecraft  equipment  remain  adsorbed  at  the  low 
nighttime  temperatures  and  that  the  lunar  surface 
itself  is  not  saturated  with  neon,  but  rather  absorbs 
this  gas  much  more  readily  than  releases  it.  Except 
for  mission-associated  phenomena,  no  easily  recogniz- 
able correlations  have  been  found  between  transient 
ga.  events,  as  seen  on  this  instrument,  and  the 
response  of  the  suprathermal  ion  detector  or  cf  the 
solar-wina  spectrometer. 

LAP.PR  RANGING  RETROREFLECTOR 

The  inird  and  largest  U.S.  laser  ranging  relroreflec- 
lor  was  delivered  to  the  fuvC  deployed  at 
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the  Hadley  site  approximately  4Q  m t>om  the  ALSEP 
site.  Successful  range  measurements  to  this  300 
corner<ube  array  were  made  shortly  after  the  LM 
lifted  off  several  days  later,  and  subsequent  measure- 
ments indicate  that  no  degradation  of  the  reflective 
properties  of  the  unit  resulted  from  dust  being  kicked 
up  dunng  the  extravehicular  activities  or  by  ascent- 
engine  residue.  The  better  signal-to-noise  ratio  avail- 
able with  this  larger  retrureflector  will  enable  more 
frequent  ranging  measurements  to  be  made  and  will 
enable  measurements  to  be  carried  out  by  telesco*  es 
of  smaller  aperture  than  heretofore  possible.  Audi- 
tioiially,  this  third  array  now  provides  the  important 
long  north-south  base-line  separation  with  the  Apollo 
1 1 and  the  Apollo  14  retroreflectors.  For  the 
accumulation  of  data  important  to  the  planned 
astronomicaL  geophysical,  and  general  relativity  ex- 
periments. range  measurements  will  be  required  over 
a period  of  yeers. 

SOLAR-WIND  COMPOSITION 
EXPERIMENT 

The  solar-wind  composition  experiment,  which  is 
similar  to  the  experiments  conducted  during  the 
Apollo  II  ! 2.  and  14  missions,  was  deployed  at  the 
end  of  the  first  extravehicular  activity  and  exposed  to 
the  solar  wind  for  a period  of  41  hr,  nearly  twice  the 
exposure  time  obtained  during  the  previous  mission. 
Initial  samples  of  the  aluminum  foil  have  been 
analyzed,  and  isotopes  of  helium  and  neon  have  been 
detected.  The  helium  flux  during  the  Apollo  15 
exposure  is  nearly  four  times  that  detected  during  the 
Apollo  14  exposure:  yet,  interestingly  enough,  the 
relative  abundance  of  helium  and  neon  and  the 
relative  isotopic  abundances  of  these  elements  are 
very  similar  to  the  earlier  abundances.  A positive 
correlation  has  been  found  between  the  general  level 
of  solar  acliviiy  and  the  helium4  to  helium-3  ratio,  a 
correlation  first  suggested  perhaps  by  the  helium-to- 
hydrogen  ratio  measurements  of  the  Explorer  34 
spacecraft. 

GAMMA-RAY  SPECTROMETER 
EXPERIMENT 

The  gamma-ray  spectrometer  experiment  is  de- 
signed to  measure,  fium  lunar  orbit,  the  gamma-ray 
activity  of  the  lunar-surface  materials.  The  gamma-ray 
flux  from  the  lunar  surface  is  expected  to  contain 


two  components,  one  resulting  from  naturally  occur- 
ring radioisotopes  (primarily  of  potassium,  uranium, 
and  thorium)  and  the  other  resulting  from  cosmic- 
ray-induced  interactions  at  the  lunar  surface.  The 
gamma-ray  intensity  from  the  naturally  occurring 
radionuclides  is  a sensitive  function  ui  ilie  degree  of 
chemical  differentiation  undergone  by  the  Moon: 
and,  thus,  the  measured  intensity  relates  directly  to 
the  origin  and  evolution  of  the  planet. 

Analysis  of  the  very  preliminary  data  printout 
(unfortunately  the  only  data  available  for  analysis 
before  the  preparation  of  this  document)  shows  a 
strong  contrast  in  gamma-ray  count  rates  over  differ- 
ent regions  of  the  Moon.  Specifically,  the  regions  of 
highest  activity  are  the  western  maria,  followed  by 
Mare  Tranquillitatis  and  Mare  Serenitatis.  Consider- 
ably lower  activity  is  found  in  the  highlands  of  the  far 
side,  with  the  eastern  portion  containing  nearly  an 
order  of  magnitude  less  gamma-ray  activity  than  that 
found  in  Oceanus  Procellarum  and  Mare  Imbrium. 
The  preliminary  data  show  intensity  peaks  that 
correspond  to  the  characteristic  energies  of  the 
isotopes  of  iron,  aluminum,  uranium,  potassium, and 
thorium;  however,  more  data  than  available  in  the 
preliminary  printout  arc  required  to  verify  this 
identification  unambiguously. 


X-RAY  FLUORESCENCE 
EXPERIMENT 

The  purpose  of  this  experiment  is  to  map  the 
principal  elemental  constitutents  of  the  upper 
layer  of  the  lunar  surface  by  measuring  the  fluores- 
cent X-rays  produced  by  the  interaction  of  solar 
X-rays  with  the  surface  niaterial.  Secondarily,  the 
experiment  is  used  to  observe  X-radiation  from 
astronomical  objects  during  the  transearth-coast 
phase  of  the  mission.  The  X-ray  detector  assembly 
consists  of  three  proportional  counters,  two  X-r;»y 
filters  (and  associated  collimators),  temperature  mon- 
itors, and  the  necessary  support  electronics.  Inflight 
energy,  resolution,  and  efficiency  calibiations  are 
made  with  X-ray  sources  carried  with  the  instrument. 

Preliminary  analysis  of  the  initial  data  from  this 
experiment  is  very  exciting.  In  general,  the  suspected 
major  compositional  differences  between  the  two 
fundamental  lunar  features,  the  mana  and  the  high- 
lands, arc  confirmed  by  the  X-ray  data,  and  more 
subtle  compositional  differences  within  both  the 
maria  and  the  highlands  are  strongly  suggested.  For 
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example,  the  alununum-tO'Sihcon  imensuy  ratio  is 
highest  over  the  leriae,  lowest  over  the  nuna.  and 
intermediate  over  the  urn  areas  of  the  maria.  The 
extremes  for  this  ratio  vary  from  0.58  to  1 .37.  with  a 
tendency  for  the  value  to  increase  from  the  western 
mare  to  the  highlands  of  the  eastern  limb.  Further- 
more. a striking  correlation  exists  between  the  alumi- 
num-to-silicon  intensity  ratio  and  the  values  of 
surface  albedo  along  the  grtnindtrack  surveyed  b>  the 
X-ray  experiment. 

Although  the  data  from  the  X-ra\  tluorescence 
experiment  are  still  in  the  initial  stages  of  anaUsis.  a 
number  of  tentative  conclusions  may  be  drawn  about 
the  fundamental  properties  of  the  lunar  surface.  The 
sharply  varying  aluminum-to-silicon  ratio  confirms 
that  the  maria  and  the  highlands  are  indeed  chemi- 
cally different,  and  the  distinguishing  albedo  differ- 
ences between  these  major  features  must  be.  in  part, 
the  signature  of  this  difference.  The  anorihositic 
component  of  the  returned  lunar  samples  is  certainly 
related  to  the  high  aluminum  content  measured  in  the 
highland  regions,  and  the  correspondingly  low  alumi- 
num content  of  the  returned  mare  basalts  is  con- 
sistent with  the  low  measurement  values  over  the 
maria.  The  experimental  X-ray  data.  thus,  further 
support  the  theory  that  the  Moon,  shortly  after 
formation,  developed  a differentiated,  aluminum -»’ich 
crust.  The  sharp  change  in  the  aluminum-to-silicon 
intensity  ratio  between  the  highland  and  maiC  areas 
places  stringent  limitations  on  the  amount  of  hori- 
zontal displacement  of  the  aluminum-rich  material 
after  the  mare  flooding.  Indications  definitely  exist  in 
the  more  gradual  data  trends  that  the  circular  mana 
have  a lower  aluminum  content  than  the  irregular 
maria;  and  within  partiLular  mana  (lor  example, 
Crisium  and  Serenitatis).  the  centers  have  a lower 
aluminum  content  than  the  edges  Finally,  the  large 
ejecta  blankets,  such  as  the  Fra  Mauro  formation, 
seem  to  be  emically  different  from  the  unmantled 
highlands. 

During  the  transearth  coast.  X-ray  data  were 
obtained  from  three  discrete  X-ray  sources  and  from 
four  locations  dominated  by  the  diffuse  X-ray  llux. 
The  count  rate  from  two  of  the  sources.  See  X-1  and 
Cyg  X-1,  did  show  significant  changes  in  intensity  of 
approximately  10  percent  over  time  periods  of  several 
minutes;  however,  a final  analysis  of  Apoll<^  dau  is 
required  to  rule  out  completely  the  possibility  that 
changes  in  spacecraft  attitude  during  the  counting 
periods  might  account  for  the  counting-rate  varia- 
tions. 


ALPHA  PARTICLE  SPECTROMETER 
EXPERIMENT 

The  alpha-particle  spectrometer  experiment  con- 
sists of  10  totally  depleted  silicon  surface-burner 
:>olid-state  detectors  of  3 cm^  area  each  that  are 
particularly  sensitive  to  alpha  particles  in  the  energy 
range  between  5 and  12  MeV.  The  experiment  is 
designed  to  map.  from  lunar  orbit,  possible  uranium 
and  thorium  concentration  differences  across  the 
surface  by  measuring  the  alpha-particle  emis^^ionb 
from  the  two  gaseous  daughter  products  of  uranium 
and  thorium,  radon-222  and  radon-220,  respectively. 
Because  trace  quantities  of  these  radioactive  gases 
would  be  included  in  any  outgassing  of,  for  e.xample. 
water  or  carbon  dioxide  from  the  lunar  interior, 
detection  of  radon  also  would  provide  a sensitive 
probe  of  remanent  volcanic  i>ctivily  or  of  local  release 
of  common  volatiles. 

Preliminary  analysis  of  the  alpha-particle  data 
indicates  that  the  alpha-particle  activity  of  the  Mron 
is  at  most  equal  to  the  observed  count  rate  of  0.U04 
count/cnr-sec-sr  (±1  percent)  in  the  energy  band 
from  4.7  to  9.!  MeW  No  significant  difference  in  this 
count  rate  was  observed  between  the  dark  and  sunlit 
sides  of  the  Moon.  This  measured  alpha -particle 
activity  is  considerably  less  than  was  anticipated 
before  the  mission.  For  example,  if  the  uranium  and 
thorium  concentrations  measured  in  the  samples 
returned  from  the  Apollo  1 1 and  12  sites  are  typical 
moonwide  values,  then  the  alpha-particle  counting 
rate  that  results  from  radon  emission  is  at  least  a 
factor  of  (>0  lower  than  the  rate  predicted  by 
radon-diff’ision  nuxlels.  ( onipiele  analysis  of  all  the 
Apollo  1 5 alpha-particle  data  should  result  in  another 
order  of  magnitude  more  sensitivity  than  reported 
here  for  the  detection  of  aipha-particlc  emission  from 
lunar  sources. 


LL>NAR  ORBITmL  MASS  SPECTROMETER 
EXPERIMENT 

The  lunar  orbital  mass  spectrometer  is  designed  to 
measure  tin  composition  and  density  of  neutral  gas 
molecules  along  the  ilighl  path  of  the  command- 
service  imxlule  (CSM)  in  order  to  better  understand 
the  origin  of  the  lunar  atmosphere  and  the  related 
transport  processes  in  planetary  exospheres  in  gen- 
eral. The  instrument  was  mounted  in  the  SIM  on  a 
bislcm  boom  and  was  operated  from  the  CM.  The 
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preliminary  results  indicate  that  a large  number  of  gas 
molecules  of  many  species  exist  near  the  spacecraft  in 
lunar  orbit;  none,  however,  have  an  obvious  lunar 
origin  or  a sufficient  intensity  to  be  detected  above 
the  background  of  molecules  from  all  sources.  The 
gas  cloud  apparently  moves  with  the  vehicle  because 
the  measured  density  is  essentially  independent  of  the 
angle  of  attack  of  the  spectrometer  entrance  plenum. 
The  spaceuaft  is  thought  to  be  the  source  of  most  of 
this  cloud,  even  though  the  intensity  of  the  apparent 
contamination  is  a strong  function  of  the  orbits’ 
parameters.  For  example,  during  the  transearth  coast, 
the  detected  amplitudes  of  all  species  of  molecules 
were  reduced  by  a factor  of  5 to  10  from  the 
:;mplitudes  measured  in  lunar  orbit. 

S BAND  TRANSPONDER  EXPERIMENT 

During  the  last  near-side  pass  before  transearth 
injection,  a small  scientific  spacecraft  was  launched 
into  lunar  orbit  from  the  SIM  bay  of  the  service 
module.  This  subsatellite  is  instrumented  to  measure 
plasma  and  energetic -particle  fluxes  and  vector  mag- 
netic fields  and  is  equipped  with  an  S-band  tran- 
sponder to  enable  precision  tracking  of  the  space- 
craft. The  S-band  transponder  experiment  uses  the 
precise  dnpnler-tracking  data  of  this  currently  orbit- 
ing satellite  and  the  tracking  vlata  of  the  CSM  and  of 
the  LM  taken  during  the  mission  to  provide  detailed 
information  about  the  gravitational  field  of  the  near 
side  of  the  Moon.  The  data  consist  of  the  minute 
changes  in  the  spacecraft  speed,  as  measured  oy  the 
Earth-based  radio  tracking  system  (which  has  a 
resolution  of  0.65  mm/ sec).  The  initial  data  indicate 
that  the  subsatellite  is  operating  normally  and, 
because  the  periapsis  altitudes  are  following  closely 
the  predicted  altitudes,  suggest  that  the  spacecraft 
will  have  an  orbital  lifetime  of  at  least  the  planned 
one  year.  The  subsatellite  transponder  experiment 
should  provide  data  for  a detailed  gravity  map  for  the 
area  between  ±95®  longitude  and  ±30®  latitude. 

Analyses  of  the  low-altitude  CSM  data  have 
resulted  in  new’  g,avity  profiles  of  the  Serenitatisand 
Crisium  mascons;  these  results  are  in  good  agreement 
wdth  the  Apollo  14  data  analysis  and  strongly  suggest 
that  the  mascons  are  near-surface  feature;  with  a mass 
distribution  per  unit  area  of  approximately  500 
kg/cm^.  The  Apennine  Mountains  show  a local 
gravity  high  of  85  mgal  but  have  undergone  partial 
isostatic  compensation,  and  th^  Marius  Hills  likewise 
have  a gravity  high  of  62  mgal. 


SUBSATELLITE  MEASUREMENTS  OF 
PLASMAS  AND  SOLAR  PARTICLES 

The  main  objectives  of  the  subsatellite  plasma  and 
particles  experiment  are  to  monitor  the  various 
plasma  regimes  in  which  the  Moon  mo-  es.  to  deter- 
mine how  the  Moon  interacts  with  the  fields  and 
plasmas  within  these  regimes,  and  to  investigate 
certain  features  of  the  structure  and  dynamics  of  the 
Earth  magnetosphere.  The  experiment  consists  of  two 
solid-state  particle-detector  telescopes  that  are  sensi- 
tive to  electrons  with  energies  as  large  as  approxi- 
mately 320  keV  and  to  protons  with  energies  as  large 
as  approximately  4 MeV,  and  of  five  electrostatic- 
analyzer  assemblies  that  are  sensitive  to  electrons  in 
the  energy  range  from  0.5  to  15  keV. 

Detailed  observations  have  been  made  of  particle 
fluxes  around  the  Moon  as  the  Moon  moves  through 
interplanetary  space,  through  the  magnetosphere,  and 
through  the  bow  shock  of  the  Earth.  Analysis  of 
these  preliminary  data  leads  to  several  tentative 
conclusions.  Solar  electrons  were  measured  at  the 
subsatellite  following  a large  solar  Hare  on  September 
1,  1971.  In  the  energy  range  of  6 to  300  keV,  the 
electron  spectrum  is  reproduced  by  the  power-law 
equation  dJjdE  = (3  X 10^)  E”‘  ^ electrons/cm^-sr- 
sec-keV.  Additionally,  an  electron  flux  of  20  elec- 
trons/cm^-sr-sec  of  energy  from  25  to  30  keV  is 
found  to  move  predominantly  in  a sunward  direction 
for  several  days  while  the  Moon  is  upstream  from  the 
Earth.  It  is  not  known  as  yet  whether  this  flux  is  of 
solar  or  terrestrial  origin.  Finally,  a distinct  shadow  in 
the  fast-electron  component  rf  the  solar  wind  is 
formed  by  the  Moon.  For  the  case  when  the 
interplanetary  magnetic  field  is  nearly  alined  along 
the  solar-wind  flow,  this  electron  shadow  corresponds 
closely  to  the  optical  shadow  behind  the  Moon. 
However,  the  case  when  the  interplanetary  mag- 
netic field  alines  more  perpendicular  to  the  solar-wind 
flow,  the  fast-electron  shadow  region  bi  jadens  to  a 
diameter  much  greater  than  the  lunar  diameter  and 
becomes  extremely  complex. 

SUBSATELLITE  MAGNETOMETER 
EXPERIMENT 

The  major  objectives  of  the  subsatellite  magnetom- 
eter experiment  are  to  extend  the  ^measurements  of 
the  permanent  and  induced  components  of  the  lunar 
magnetic  field  by  systematically  mapping  the  rema- 
nent magnetic  field  of  the  Moon  and  by  measuring 
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the  magnetic  effects  of  the  interactions  between 
cislunar  plasmas  and  the  lunar  field.  Initial  data  from 
the  two  subsatellite  fluxgate  sensors  indicate  that 
detailed  napping  of  the  remanent  magnetization, 
although  complex,  is  entirely  feasible  with  the  pres- 
ent experiment.  For  example,  preliminary  analysis 
shows  a fine  structure  in  the  magnetic  Held  associated 
with  the  large  craters  Hertzsprung,  Korolev.  Gagarin. 
Milne,  Mare  Smythii  I,  and,  in  particu’a..  \an  de 
GraafT.  which  produces  a 1-7  variation  in  the  field 
measured  by  the  subsateiiiie  passing  overhead.  Fur- 
thermore. magnetic  fields  induced  within  the  Moon 
by  externally  imposed  interplanetary^  magnetic  fields 
are  detectaM.  at  the  subsatellite  orbit.  Estimated 
variations  of  li  nar  conductivity  as  a function  of 
latitude  and  longitude  will  be  possible  from  magnet- 
ometer data  Finally,  the  data  show  that  the  plasma 
void  that  forms  behind  the  Moon  when  it  is  in  the 
solar  wind  extends  probably  to  the  lunar  surface,  and 
the  flow  of  the  solar  wind  is  itself  rather  strongly 
disturbed  near  the  limbs  of  the  Moon. 

BISTATIC  RADAR  INVESTIGATION 

The  bistatic-radar  experiment  uses  the  S-band  and 
the  very  high  frequency  (VHF)  communication  sys- 
tems in  the  CSM  to  transmit  toward  the  portion  of 
the  Moon  that  scatters  the  strongest  echoes  to 
Earth-based  receivers.  The  echoes  are  received  from 
an  area  approximately  1 0 km  in  diameter  that  moves 
across  the  lunar  sufrace  near  the  orbiting  CSM.  The 
characteristics  of  these  echoes  are  compared  to  those 
of  the  directly  transmitted  signals  in  order  to  derive 
information  about  such  lunar  crustal  properties  as  the 
dielectric  constant,  density,  surtace  roughness,  and 
average  slope. 

The  VHF  data  obtained  during  this  mission  have 
approximately  one  order  of  magnitude  higher  signal- 
to-noi$e  ratio  than  previously  obtained,  and  the 
effects  of  the  bulk  electrical  properties  and  slope 
statistics  of  the  surface  are  clearly  present  in  the  data. 
The  S-band  data  show  the  areas  surveyed  during  the 
mission  to  be  similar  to  those  regions  sampled  at 
latitudes  farther  south  during  the  Apollo  14  mission. 
Distinct  variations  in  the  slopes  of  the  lunar  terrain  in 
the  centimetor-!o-meter  range  exist,  and  some  areas 
contain  an  unusually  heavy  population  of  centi- 
meter-size rock  fragments.  The  bistatic -radar  data  are 
currently  being  combined  with  the  CSM  ephemeris 
data  to  correlate  these  results  with  orbital  photog- 


raphy and  corresponding  geological  interpretations  in 
order  to  better  distinguish  between  adjacent  and 
subjacent  geological  units. 

APOLLO  WINDOW  METEOROID 
EXPERIMENT 

The  Apollo  window  meteoroi-  experiment  in- 
volves a careful  study  of  the  CM  heat-shield  window 
sur/ac^s  . r pits  caused  by  meteoroid  impacts.  Tiiese 
tiny  craters,  when  identified,  are  further  examined  to 
obtain  information  on  crater  morphology  and  possi- 
ble meteoroid  residence.  So  far,  10  M>ssibit  impacts 
of  50  jam  diameter  and  larger  have  been  identified  in 
the  windows  of  the  Apollo  7, 8, 9, 10,  12, 13,  and  14 
spacecraft.  These  findings  correspond  to  a ihetr  iroid 
flux  below  that  expected  from  theoretical  calcula- 
tions but  are  in  good  agreement  with  the  flux  value 
derived  by  an  examination  of  the  Surveyor  shroud 
retuiTi'^d  by  the  Apollo  1 2 mission. 

ANCILLARY  EXPERIMENTS 

Tlie  numerous  orbital-science  and  orbital-pjiotog- 
raphy  experiments  conducted  during  the  mis:  ion  are 
discussed  in  a separate  section  (sec.  25)  of  this  report. 
The  individual  experiments  will  not  be  discussed  in 
this  summary  of  scientific  results. 

Several  other  experiments  and  tests  were  con- 
ducted during  the  Apollo  1 5 mission  that  will  not  be 
discuss^'j  in  detail  in  this  report.  The  reader  is 
particularly  referred  to  the  documents  of  the  NASA 
Medical  Research  and  Operations  Directorate  for  the 
biomedical  evaluation  of  the  mission-related  medical 
experiments  (i.e.,  bone-mineral  measurenient,  total- 
body  gamma-ray  spectrometry,  and  visual  Hght-flash- 
phenomena  experiment)  and  to  the  Apollo  15  Mis- 
sion report  for  a discussion  of  the  many  engineering 
tests  conducted  during  the  mission.  Four  additional 
experiments  not  reported  elsewhere  are  discussed  in 
the  following  paragraphs. 

An  ultraviolet  (uv)  photography  experiment*  was 
conducted  primarily  to  obtain  imagery  of  the  Earth 
and  Moon  for  comparison  with  similar  photographs 
of  Mars  and  Venus.  Both  of  these  latter  planets  show 
mysterious  behavior  in  the  uv-wavelength  region;  in 
particular.  Mars  exhibits  a peculiar  lack  of  detail  in 


* Private  communication  with  T.  Owen,  Earth  and  Space 
Sciences  Dept.,  State  University  of  New  York,  October  1971. 
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this  radiation  region,  and,  in  contrast,  Venus  exhibits 
major  detail  only  in  this  part  of  the  photographically 
accessible  spectrum.  Comparison  of  uv  data  for  the 
Earth  with  corresponding  data  from  the  less  well 
understood  planets  should  aid  in  the  understanding  of 
these  planets.  The  experiment  equipment  consisted  of 
a Hasselblad  camera  fitted  with  a 105*mm  uv  lens, 
two  filters  with  pass  bands  centered  at  3400  and 
3750  X 10“*®  m,  and  a uv  cutoff  filter  to  obtain 
comparison  photographs  in  visible  light.  A special 
uv-transmitting  window  is  used  in  the  CM.  Photo- 
graphs were  taken  of  both  the  Earth  and  the  Moon 
from  a variety  of  distances  throughout  the  mission. 
Preliminary  examination  of  these  photographs  indi- 
cates that  the  surface  of  the  Earth  is  still  clearly 
visible  down  to  3400  X 10“*®  m,  and  no  large-scale 
changes  in  the  detection  of  aerosols  occur  between 
3750  and  3400  X 10~*  ® m.  This  experiment  will  be 
extended  on  subsequent  missions  in  wavelength 
coverage  and  in  imagery  of  the  Earth  over  more  land 
mass. 

A lunar  dust  detector  experiment^  has  been 
deployed  as  a part  of  the  ALSEP  central  station  on  all 
of  the  manned  lunar  landings  to  date.  The  experiment 
has  three  purposes:  (1)  to  measure  the  accumulation 
of  dust  from  the  LM  ascent  or  from  slow  accretion 
processes,  (2)  to  measure  the  lunar-surface  brightness 
temperature  from  reflected  infrared  radiation,  and  (3) 
to  measure  long-term  high-energy-proton  radiation 
damage  to  solar  cells  in  the  lunar-surface  environ- 
ment. 

The  Apollo  15  dust  detector  experiment  is 
mounted  on  top  of  the  ALSEP  central  station 
sunshield,  with  the  vertically  mounted  infrared 
temperature  sensor  facing  west.  Three  solar  cells  (2 
ohm<m,  N-on-P,  1-  by  2-cm  corner  dart  cells)  are 
mounted  on  a horizontal  Kevar  metal  mounting 
plate.  For  the  purpose  of  determining  radiation 
damage,  one  cell  is  bare;  the  other  two  cells  each  have 
6-mil  cover  glasses  attached.  Solar-cell  temperature  is 
monitored  by  a thermisfor  on  the  cell  mounting 
plate. 

Results  from  the  dust  detectors  deployed  so  far 
have  shown  (1 ) no  measurable  dust  accumulation  as  a 
result  of  the  LM  ascent  during  the  Apollo  11, 12, 14, 
and  15  missions;  (2)  a rapid  surface-temperature  drop 
of  approximately  185  K during  the  August  6,  1971, 


^Private  communication  with  James  R.  Bates,  NASA 
Manned  Spacecraft  Center,  October  1971. 


lunar  eclipse;  and  (3)  no  long-term  radiation  damage 
thus  far  to  any  of  the  dust  detectors.  However,  a 
difference  of  approximately  8.5  percent  in  the 
amount  of  solar-radiation  energy  received  at  the  lunar 
surface  has  been  measured  by  the  ^ollo  12  dust 
detector;  this  variation  is  a result  of  the  change  of  the 
Moon  from  lunar  aphelion  to  perihelion. 

During  the  time  between  spacecraft  touchdown 
and  the  powerdown  of  the  primary  guidance,  naviga- 
tion, and  control  system  of  the  LM,  nearly  19  min  of 
data^  were  obtained  from  the  pulsed  integrating 
pendulous  accelerometers,  which  are  instruments 
normally  used  with  the  inertial  measurement  unit  for 
operational  guidance  and  navigation  of  the  LM.  In 
this  case,  however,  these  data  provide  a direct 
measurement  of  the  acceleration  of  gravity  (g)  at  the 
Hadley  site.  The  mean  of  the  accelerometer  data 
results  in  a value  for  g of  162  706  mgal,  with  a 
standard  deviation  of  12  mgal.  If  a spherical  mass 
distribution  is  assumed  for  the  Moon,  this  same 
quantity  can  be  calculated  from  the  familiar  equation 
g = Q^IR^ , where  GM  is  the  product  of  the  universal 
gravitational  constant  and  the  lunar  mass,  and  R is 
the  lunar  radius  at  the  Hadley  site,  as  determined 
from  a combination  of  doppler-shift  tracking  of  the 
spacecraft  around  the  lunar  center  of  mass  and 
optical  tracking  of  the  landing  site  from  the  orbiting 
spacecraft.  If  the  values  GM  = 4902.78  kni^/sec^  and 
R = 1735.64  km  are  used  in  the  equation,  then  a 
value  for  g of  162  752  mgal  is  obtained,  which  is  in 
good  agreement  with  the  directly  measured  value  of 
acceleration  at  the  Hadley  site. 

During  the  final  minutes  of  the  third  extra- 
vehicular activity,  a short  demonstration  experiment 
was  conducted.  A heavy  object  (a  1 .32-kg  aluminum 
geological  hammer)  and  a light  object  (a  0.03-kg 
falcon  feather)  were  released  simultaneously  from 
approximately  the  same  height  (approximately  1.6 
m)  and  were  allowed  to  fall  to  the  surface.  Within  the 
accuracy  of  the  simultaneous  release,  the  objects  were 
ob^^rved  to  undergo  the  same  acceleration  and  strike 
the  lunar  surface  simultaneously,  which  was  a result 
predicted  by  well-established  theory,  but  a result 
nonetheless  reassuring  considering  both  the  number 
of  viewers  that  witnessed  the  experiment  and  the  fact 
that  the  homeward  journey  was  based  critically  on 
the  validity  of  the  particular  theory  being  tested. 


^Private  communication  with  R.L.  Nance,  NASA  Manned 
Spacecraft  Center,  CXiober  1971. 
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3.  Summary  of  Scientific  Results 

Anthony  W,  En^nd^ 


The  explofation  of  the  Descartes  region  by  the 
Apofio  16  crewmen  provides  the  best  look  at  lunar 
highlands.  As  a result,  many  theories  concerning  lunar 
geologic  structure  and  processes  will  be  improved 
greatly.  Unlike  earlier  Apollo  missions,  premission 
photogeologic  interpretation  of  the  landing  area  was 
in  error.  Far  from  dimiiiishing  the  mission,  however, 
discovery  of  the  unexpected  enhanced  the  scientific 
impact.  The  surprise  at  Descartes  was  the  state  of  the 
rocks,  not  their  composition.  That  is,  breccias  rather 
than  volcanics  were  dominant.  The  compositions  are 
near  those  of  anorthositic  gabbro  and  gabbroic 
anorthosite.  This  composition  is  consistent  with  the 
hypothesis  that  highlands  are  an  early  differentiate  of 
a primitive  lunar  mantle.  Aluminum*to*silicon  (Al/Si) 
and  magnesium-to^con  (Mg/Si)  ratios,  as  deter> 
mined  by  the  orbiting  X-ray  fluorescence  experiment, 
indicate  that  the  Descartes  area  differs  composition- 
ally  from  previous  Apollo  sites  and  that  its  chemical 
characteristics  are  representative  of  large  regions  of 
the  lunar  highlands.  Thus,  lessons  learned  at  Descartes 
will  support  new  generalizations  potentially  appli- 
cable to  much  of  the  lunar  surface. 

Although  the  dramatic  phase  of  the  Apollo  16 
mission  ended  with  die  splashdown,  the  scientific 
adventure  vdll  continue  for  many  years.  This  report 
presents  the  first  fruits  of  the  mission;  and,  inevi 
tably,  a number  of  its  conclusions  will  be  short  liv^d. 
Few  disciplines  are  as  dynamic  as  the  lunar  sciences. 

GEOLOGY  EXPERIMENT 

The  two  morphologically  distinct  units  at  the 
Apollo  16  site  are  the  highland  plains-forming  unit, 
called  the  Cayley  Formation,  and  the  ridges  and 
mountains  of  the  Descartes  highlands.  The  Cayley 
Formation  was  sampled  extensively  at  nine  stations 
spread  over  7 km  in  a north-south  direction.  The  goal 
was  to  construct  a vertical  section  and  lateral  varia- 
tion of  the  Cayley  Formation  based  on  samples  from 


^NASA  Manned  Spacecraft  Center;  now  with  U.S.  Geo- 
logical Survey. 


the  rims  of  various-sized  craters.  Before  the  mission, 
the  Cayley  Formation  was  thought  to  be  a sequence 
of  lava  flows  interbedded  with  ancient  regoUths. 
Instead,  the  Cayley  Formation  is  composed  domi- 
nantly of  four  ty'pes  of  heterogeneous  fragmental 
rocks  or  breccias.  Although  the  relative  proportions 
of  the  four  breccias  varied  over  the  traverse  area,  no 
basic  differences  in  the  rock  assemblages  were  seen. 
Based  on  the  sample  distribution  and  Apollo  16 
panoramic  camera  photographs  of  South  Ray  and 
Baby  Ray  Craters,  the  only  stratification  exhibited  by 
the  Cayley  Formation  is  a crude,  horizontal  ing 
of  alternating  li^t  and  dark  breccia  units. 

The  Cayley  Formation  appears  to  be  a thick  (at 
least  200  m,  possibly  more  than  300  m),  crudely 
stratified  debris  unit,  the  components  of  which  are 
derived  from  plutonic  anorthosites  and  feldspathic 
gpbbros  and  from  metamorphic  rocks  of  similar 
composition.  The  Cayley  Formation  has  an  elemental 
composition  similar  to  that  observed  over  large 
regions  of  the  lunar  highlands  by  the  orbital  X-ray 
experiments  of  the  Apollo  15  and  16  missions 
(ref.  3-1  and  sec.  19  of  this  report).  The  observed 
textures  and  structures  of  the  breccias  resemble  those 
of  impact  breccias.  The  observed  textures  and  struc- 
tures of  the  breccias  do  not  resemble  those  of 
volcanic  rocks,  nor  do  the  plutonic  or  metamorphic 
source  rocks  of  the  breccias  have  the  textures  or 
compositions  of  terrestrial  or  previously  sampled 
lunar  volcanic  rock. 

Stations  4 and  5 on  the  northern  flank  of  Stone 
Mountain  were  selected  as  sampling  locales  for  the 
Descartes  highlands.  However,  the  documented  sam- 
ples and  the  soils  collected  on  Stone  Mountain  are 
indistinguishable  from  those  collected  on  the  Cayley 
Plains.  This  similarity  may  be  caused  by  a heavy 
mantle  of  ejecta  from  South  Ray  Crater.  If  so,  the 
cores  taken  at  station  4 and  the  rake  samples  col- 
lected from  the  inner  slopes  of  small  craters  at 
stations  4 and  5 may  contain  unique  Descartes 
highland  material.  However,  the  upper  layers  of  the 
Descartes  highlands  may  be  lithologically  identical  to 
the  bulk  of  the  Cayley  Formation. 


preceding  page  blank  not  filmed 


441 


APOLLO  16  PRELIMINARY  SCIENCE  REPORT 


Although  caution  dictates  that  a volcanic  origin 
for  the  Cayley  Formation  not  be  eliminated  as  a 
possibility,  all  the  evidence  of  the  preliminary  anal* 
ysis  argues  against  it.  Several  alternate  hypotheses  are 
suggested  by  the  geology  team  and  by  various  authors 
of  the  photogeologic  sections  contained  in  this 
report.  The  dominant  theme  is  deposition  of  debris 
from  combinations  of  the  gecta  from  the  Imbrium 
and  Nectaiis  Basins. 

PRELIMINARY  SAMPLE  ANALYSIS 

A preliminary  diaracterization  of  the  rocks  and 
soils  returned  from  the  Apollo  16  site  has  substan- 
tiated most  of  the  widely  held  inferences  that  the 
lunar  terra  is  commonly  underlain  by  plagtoclase-rich 
or  anorthositic  rocks.  The  texturally  conq>lex  rocks 
exhibit  cataclastic  textures  with  intergrowths  of 
shock-induced  glass,  of  devitrified  ^ass,  or  of  relict 
preexisting  clasts  that  indicate  a multistage  history.  In 
contrast  to  the  complexity  of  the  fabric,  the  chemical 
characteristics  of  the  rocks  and  soils  were  compara- 
tively simple.  The  dominant  chemical  feature  is  <he 
high  abundance  of  aluminum  and  calcium.  In  a 
number  of  rocks,  the  absolute  and  relative  abun- 
dances of  these  elements  approach  those  of  pure 
calcic  plagioclase.  Each  Apollo  16  rock  into  one 
of  three  groups,  based  on  its  alumina  (AI2O3) 
content.  Rocks  in  the  first  group  are  nearly  pure 
pl^oclase  and  can  be  called  cataclastic  anorthosites. 
The  second  group,  characterized  by  AI2O3  contents 
of  between  26  and  29  percent,  consists  of  several 
breccias,  two  crystalline  rocks,  and  all  soil  samples. 
The  third  group,  aU  metamorphosed  igneous  rocks, 
has  AI2O3  contents  below  26  percent.  Many  samples 
in  this  third  group  are  similar  chemically  to  the 
basalts  that  are  rich  in  potassium,  rare-Earth  ele- 
ments, and  phosphorus  (KREEP)  found  at  the 
ApoUo  12,  14,  and  15  sites.  With  a few  qualifications, 
the  chemistry  of  the  Apollo  16  rocks  can  be  ac- 
counted for  by  a rather  simple  geologic  model 
consisting  of  a large  igneous  complex  that  is  variably 
enriched  in  plagioclase  and  is  intruded  by  a trace- 
element-rich  liquid  after  its  formation. 

In  addition  to  normal  rock  and  soil  samples,  many 
special  samples  were  collected.  A few  of  the  investiga- 
tions based  on  these  samples  will  be  the  study  of 
small-scale  stratigraphy  in  the  regolith;  the  study  of 
the  interaction  of  solar  wind  and  cosmic  rays  with  the 
lunar  surface;  and  the  study  of  special  processes  such 


as  erosion  by  micrometemtes,  mobility  of  volatile 
elements,  and  darkening  with  time  of  freshly  exposed 
lunar  sofl.  Essentially  all  planned  special  samples 
were  collected. 

Lunar  samples  exhibit  two  components  of  rem- 
anent magnetism:  (1)  a ^hard**  component  that  can 
be  erased  only  at  temperatures  near  the  Curie  point 
of  the  sample  and  (2)  a “soft”  component,  most  of 
which  can  be  lost  by  degaussing  in  a weak  magnetic 
field.  The  implication  of  the  hard  component  is  that 
the  sample  cooled  from  a temperature  above  850^  C 
in  the  presence  of  a strong  magnetic  field.  This 
hypothesis  places  stringent  requirements  on  the  early 
history  of  the  Moon.  Either  the  Moon  once  generated 
an  internal  field,  or  the  Moon  was  once  located  near  a 
strong  external  field.  The  soft  component  might 
reflect  the  lunar  magnetic  environment  from  the  time 
the  rock  cooled  to  the  present.  An  alternate  hypoth- 
ec was  that  the  soft  component  was  largely  an 
artifact  of  handling  by  the  astronauts  and  of  traveling 
in  magnetically  dirty  spacecraft.  The  results  of  several 
tests,  one  involving  a controlled  sample  sent  on  the 
Apollo  16  mission,  indicate  that  much  of  the  soft 
remanent  magnetism  in  lunar  samples  was  acquired 
from  magnetic  fields  within  the  spacecraft. 

SOIL  MECHANICS  EXPERIMENT 

The  mechanical  properties  of  lunar  regolith  are 
governed  by  the  distribution  of  grain  sizes,  by  the 
angularity  of  the  grains,  and  by  packing  density  or 
porosity.  The  distribution  of  grain  sizes  for  the  soil 
samples  from  Descartes  lies  near  the  coarse  boundary 
of  a composite  distribution  composed  of  soils  from 
aU  previous  sites.  Statistical  analysis  of  bootprint 
depths  indicates  that  the  near-surface  porosities  at  the 
Apollo  16  landing  site  were  slightly  higher  than  the 
average  of  those  of  the  four  previous  missions, 
45  percent  compared  with  433  percent.  The  average 
porosity  on  crater  rims  was  46.1  percent.  The  resist- 
ance to  penetration  measured  with  the  self-recording 
penetrometer  is  highly  variable  on  both  regional  and 
local  (points  as  close  as  1 m)  scales.  As  a result,  no 
general  conclusion  is  possible  concerning  whether  the 
soil  on  slopes  is  weaker  or  stronger  than  that  on  flat 
areas.  However,  the  pattern  of  resistance  as  a function 
of  depth  correlates  well  with  the  stratigraphy  ob- 
served in  X-radiographs  of  the  core  tubes,  and 
stratigraphic  profiles  of  the  lunar  surface  have  been 
determined  for  the  first  time.  The  density  and  density 
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distribution  in  the  2.6*m  core  at  Descartes  differed 
significantly  from  those  in  the  deep  core  taken  at 
Hadley.  The  Apollo  16  densities  were  lower  (by 
approximately  0.2  g/cm^).  The  densities  increased 
smoothly  with  depth.  The  density  of  the  Apollo  15 
deep  core  varied  erratically  with  depth.  The  soils  at 
the  two  locations  must  have  experienced  distinctly 
different  histories. 

PASSIVE  SEISMIC  EXPERIMENT 

The  activation  of  the  Apollo  16  passive  seismom- 
eter  resulted  in  a four-station  seismic  network  on  the 
near  side  of  the  Moon.  Because  of  a fortuitous 
impedance  match  between  the  Apollo  16  seismom- 
eter, the  local  regolith,  and  the  underlying  lunar 
crust,  the  seismic  station  at  Descartes  is  an  order  of 
magnitude  more  sensitive  than  stations  on  the  maria 
(Apollo  12  and  15)  and  five  times  more  sensitive  than 
the  station  at  the  Fra  Mauro  site  (Apollo  14).  The 
Apollo  16  seismometer  is  detecting  moonquakes  at 
the  rate  of  10  000/yr.  One  quake  was  the  result  of 
the  largest  meteoroid  impact  yet  recorded.  The  event 
occurred  145  km  north  of  the  Apollo  14  station.  The 
resulting  seismic  wav^  were  well  recorded  at  all  four 
stations  of  the  seismic  network.  Analysis  of  this  sin^e 
event  has  greatly  improved  the  concept  of  the 
structure  beneath  the  lunar  crust.  Measured  seismic 
velocities  are  close  to  those  expected  for  gabbroic 
anorthosites,  which  predominate  in  the  highlands  of 
the  Descartes  site.  Analysis  of  data  from  the  lunar 
orbiting  X-ray  fluorescence  experiment  suggests  that 
this  rock  type  is  representative  of  the  lunar  highlands 
on  a global  scale.  The  combination  of  velocity 
information  with  laboratory  data  from  returned 
samples  suggests  the  following  conclusions. 

(1)  The  lunar  crust  in  the  highlands  is  approxi- 
mately 60  km  thick. 

(2)  The  lunar  crust  in  the  highlands  consists 
primarily  of  gabbroic  and  anorthositic  material. 

(3)  The  maria  were  formed  by  the  excavation  of 
the  initial  crust  by  meteoroid  impacts  and  subsequent 
flooding  by  basaltic  material. 

(4)  From  seismic  evidence,  the  basalt  layer  in  the 
southeastern  portion  of  Oceanus  Procellarum  may  be 
25  km  thick,  which  is  comparable  to  the  thickness 
inferred  for  mascon  maria. 

The  seismic  velocities  below  the  crust  and  to  the 
maximum  depth  that  was  investigated  (approximately 


120  km)  are  roughly  equivalent  to  velocities  observed 
in  the  upper  mantle  of  the  Earth. 

Although  the  Moon  is  seismically  active,  the  total 
energy  released  is  many  orders  of  magnitude  below 
that  of  the  Earth.  All  seismic  sources  of  internal 
origin  are,  ai^arently,  discrete  and  are  located  below 
the  lunar  crust.  Twenty-two  source  locations  have 
been  identified.  In  the  five  souice  regions  in  udiich 
focal  depths  have  been  determined,  all  quakes  oc- 
curred in  the  range  from  800  to  1000  km.  The 
occurrence  of  these  quakes  correlates  with  maximum 
lunar  tides.  Either  they  represent  a release  of  tidal 
energy  or  the  tides  trigger  the  release  of  internally 
generated  stresses. 

A new  model  for  the  meteoroid  flux  that  is 
consistent  with  the  seismically  observed  frequency  of 
meteoroid  impacts  is  proposed.  This  new  flux  esti- 
mate is  from  one  to  three  orders  of  magnitude  lower 
than  models  derived  from  photographic  measure- 
ments of  luminous  trails  striking  the  atmosphere  of 
the  Earth. 

ACTIVE  SEISMIC  EXPERIMENT 

The  objective  of  the  Apollo  16  active  seismic  ex- 
periment was  to  determine  the  local  structure  of  the 
regolith  and  of  the  shallow  lunar  crust.  The  near- 
surface, compressional-wave  velocity  at  the  Descartes 
site  was  1 14  m/sec;  this  value  can  be  compared 
to  104,  108,  and  92  m/sec  at  the  Apollo  12,  14,  and 
15  sites,  respectively.  A refracting  horizon  at  12.2  m 
may  be  the  base  of  the  regolith.  The  velocity  below 
this  depth  was  250  m/sec.  A crustal  velocity  of 
250  m/sec  is  comparable  to  the  299-m/sec  velocity 
observed  in  the  Fra  Mauro  breccias  and  is  incompati- 
ble with  the  velocity  of  800  m/sec  or  more  expected 
for  competent  lava  flows.  This  finding,  along  with  the 
prevalence  of  breccias  in  the  returned  samples,  argues 
that  the  Cayley  Formation  is  composed  of 
low-velocity  brecciated  material  and  impact-derived 
debris.  Preliminary  analysis  indicates  that  this 
brecciated  zone  is  more  than  70  m thick. 

LUNAR  SURFACE 
MAGNETOMETER  EXPERIMENT 

The  activation  of  the  Apollo  16  lunar  surface  mag- 
netometer resulted  in  a network  of  three  active  mag- 
netic o^^'^rvatories  on  the  lunar  surface.  The  objective 
of  this  network  is  to  observe  the  ^obal  response  of 
the  Moon  to  variations  in  the  magnetic  field  carried 
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by  the  solar  wind.  Variations  in  the  solar  wind  mag> 
netic  field  generate  eddy  currents  within  the  Moon. 
These  cunents  create  a magnetic  field  that  suppresses 
the  change  in  the  total  field  observed  on  the  surface 
of  the  Moon,  and  the  charac^  of  this  suppression 
can  be  related  to  the  electrical  conductivity  of  the  lu- 
nar interior.  Because  this  electrical  conductivity  is 
dominantly  a function  of  temperature,  these  tempo- 
ral studies  of  the  magnetic  field  can  be  used  to  infer 
temperature  distributions  for  the  lunar  interior.  For 
the  model  of  a peridotite  Moon,  preliminary  analysis 
indicated  a temperature  profile  that  rises  sharply  to 
850®  to  1050®  K at  a depth  of  approximately  90  km, 
then  increases  gradually  to  1200®  to  1500®  K at  ap- 
proximately 1000  km,  and  may  be  above  1500®  K at 
greater  depths.  Greater  detail  as  well  as  a comparison 
of  the  response  of  the  Moon  under  maria  (Apollo  1 2), 
under  the  edge  of  a large  basin  (Apollo  15),  and  un- 
der highlands  (Apollo  16)  should  be  possible  as  more 
data  are  received. 

LUNAR  PORTABLE  MAGNETOMETER 

The  lunar  portable  magnetometer  was  used  at  four 
sites  along  the  traverse  route.  These  measurements 
and  the  magnetic  measurement  by  the  lunar  surface 
magnetometer  yield  a total  of  five  spatial  measure- 
ments at  Descartes.  The  remanent  magnetic  field  was 
the  largest  yet  observed  on  the  Moon.  Its  strength  was 
1 80  gammas  near  Spook  Crater,  1 25  gaminas  on 
Stone  Mountain,  and  313  gammas  at  station  13  near 
North  Ray  Crater.  Not  only  were  the  field  strengths 
higher  at  Descartes  than  at  other  Apollo  sites,  the 
gradients  were  significantly  greater:  370  gammas/km 
maximum  observed  at  Descartes  compared  to  less 
than  133  gammas/km  (resolution  limit  of  the  lunar 
surface  magnetometer)  at  the  Apollo  12  and  15  sites 
and  a measured  54  gammas/km  at  the  Apollo  14  site. 

FAR  UV  CAMERA/SPECTROGRAPH 
EXPERIMENT 

The  far  UV  camera/spectrograph  was  operated 
from  the  lunar  surface  for  the  first  time  on  Apollo 
16.  The  instrument  was  sensitive  to  light  in  the  50-  to 
160-nm  range  and  ""blind**  to  ordinary  visible  light. 
The  experiment  was  completely  successful  in  that  the 
experiment  team  obtained  178  photographic  frames 
of  far  UV  data  on  the  airglow  and  polar  auroral  zones 
of  the  Earth  and  the  geocorona;  on  over  550  stars, 


nebulae,  or  galaxies;  and  on  the  nearest  external  gal- 
axy, the  Large  Magellanic  Goud.  The  detailed  anal- 
ysis will  take  many  months.  However,  the  lack  of 
quantitative  results  in  time  for  this  preliminary  report 
cannot  dall  the  accomplishment  of  emplacement  of 
the  first  lunar  astronomical  observatory. 

SOLAR  WIND 

COMPOSITION  EXPERIMENT 

The  solar  wind  composition  experiment  was  de- 
signed to  measure  with  high  precision  the  abundances 
and  isotopic  compositions  of  noble  gases  in  the  solar 
wind.  It  has  been  demonstrated  that  both  elemental 
abundances  and  isotopic  ratios  varied  with  time.  The 
Apollo  16  experiment  hardware  is  composed  of  alu- 
minum and  platinum  foils  that  were  exposed  on  the 
lunar  surface  for  periods  of  several  hours  to  trap 
various  components  of  the  solar  wind.  The  relative 
elemental  and  isotopic  abundances  of  helium  and 
neon  measured  for  the  Apollo  12,  14,  15,  and  16 
exposure  times  are  quite  similar  and  differ  from  those 
obtained  during  the  Apollo  1 1 misSon.  Particularly 
noteworthy  is  the  absence  of  any  indication  of 
electromagnetic  se.>aration  effects  that  might  have 
been  expected  at  Descartes  because  of  the  relatively 
strong  local  magnetic  field. 

COSMIC  RAY  EXPERIMENT 

The  relative  abundances  and  energy  spectra  of 
heavy  solar  and  cosmic  rays  convey  a wealth  of  infor- 
mation about  the  Sun  and  other  galactic  particle 
sources  and  about  the  acceleration  and  propagation 
of  the  particles.  In  particular,  the  lowest  energy  range 
from  a few  million  electron  volts  per  nuclear  mass 
unit  (MeV/nucleon)  down  to  1 keV/nucleon  (a  solar 
wind  energy)  is  largely  unexplored.  The  cosmic  ray 
experiment  contained  a variety  of  detectors  designed 
to  examine  this  energy  range.  The  precise  nature  of 
the  experiment  is  dependent  on  the  radiation  environ- 
ment during  tlie  mission.  If  the  Sun  were  relatively 
quiescent,  the  objective  was  to  determine  whether  the 
low-energy  nuclei  are  primarily  solar  or  galactic  in  ori- 
gin. If  the  Sun  were  active,  the  objective  was  to  study 
the  composition  of  solar  cosmic  rays  and  the  solar 
acceleration  processes.  Because  a solar  flare  occurred 
during  the  mission,  the  latter  objective  was  served. 

A preliminary  analysis  indicates  that  the  spectrum 
for  iron-group  cosmic  rays  is  given  by  an  (energy)*^ 
relation  in  the  energy  range  from  30  MeV/nucleon 
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down  to  0.04  MeV/nucleon  and  flattens  to  (energy)'^ 
from  0.04  to  0.01  MeV/nucleon.  The  higher  energy 
relation  is  identical  to  previous  results  for  the  0.16*  to 
100-MeV/nucleon  range.  A striking  aspect  is  the  rela- 
tive enrichment  of  iron  at  the  lower  energies  during  a 
solar  flare.  This  enrichment  is  estimated  to  be  a factor 
of  approximately  450  greater  than  the  photospheric 
value.  Although  the  precise  value  of  the  enhancement 
might  be  in  question,  the  data  do  stron^y  suggest 
that  the  heavier  particles  are  appreciably  more  abun- 
dant in  the  solar  flares  than  in  the  surface  of  the  Sun. 
At  higher  energies,  however,  the  abundances  were 
normal  for  galactic  cosmic  rays. 

Mica  and  feldspar  were  included  as  detectors  in 
addition  to  Lexan  and  glass.  By  comparing  the 
sensitivities  of  the  natural  materials  against  those  of 
the  Lexan,  a calibration  will  be  established  applicable 
to  studies  of  particle  tracks  in  lunar  samples. 

GEGENSCHEIN  EXPERIMENT 

Gegenschein  is  the  phenomenon  of  sky  brightness 
in  the  antisolar  region  as  viewed  from  the  Earth. 
A possible  mechanism  for  this  brightness  might  be 
backscatter  of  light  by  particles  lingering  in  the 
Moulton  region,  a libration  point  of  the  Earth-Sun 
system.  The  objective  of  the  experiment  was  to  use 
fast  fdm  and  long  exposures  in  lunar  orbit  to  map  the 
luminance  of  the  gegenschein.  If  it  were  a result  of 
particles  in  the  Moulton  region,  the  gegenschein 
would  be  displaced  15®  from  the  antisolar  point  as 
viewed  from  the  Moon.  Preliminary  analysis  indicates 
that  the  gegenschein  as  viewed  from  the  Moon 
appears  at  the  antisolar  point  and,  thus,  argues  against 
the  Moulton  region  as  a source. 

GAMMA  RAY  SPECTROMETER 
EXPERIMENT 

The  gamma  ray  spectrometer  is  one  of  the  ihree 
instruments  in  a geochemical  remote-sensing  package 
flown  for  the  second  and  last  time  on  Apollo  16.  The 
spectrometer  is  sensitive  prima.ily  to  gamma  rays 
produced  by  natural  radioactivity  in  the  lunar  soil. 
The  secondary  emissions  induced  by  galactic  cosmic 
rays  constitute  a second  source.  The  experiment 
team's  initial  conclusions,  based  upon  the  natural 
rather  than  the  induced  radiation,  are  as  follows. 


(1)  In  agreement  with  the  Apollo  15  results,  the 
western  maria  are  generally  more  radioactive  than 
other  regions  of  the  Moon. 

(2)  DetaOed  structure  exists  within  the  high- 
radioactivity  regions.  The  high  observed  in  the  Fra 
Mauro  area  is  at  approximately  the  same  level  as 
those  seen  around  Aristarchus  and  south  of  Archi- 
medes on  the  Apollo  15  mission.  Those  levels  are 
comparable  to  that  observed  in  the  soil  returned  on 
the  Apollo  14  mission. 

(3)  Radioactivity  is  lower  and  more  variable  in 
the  eastern  maria. 

(4)  The  lunar  highlands  are  regions  of  low  radio- 
activity. The  Descartes  area  appears  to  have  under- 
gone some  admixing  of  radioactive  material. 

A second  objective  of  the  experiment  was  to  map 
the  anisotropies  in  the  galactic  cosmic  ray  fluxes  by 
using  the  spacecraft  as  an  occulting  disk.  Although 
the  analysis  has  just  begun,  a preliminary  look  at  the 
data  indicates  that  disaete,  celestial  gamma  ray 
sources  were,  in  fact,  delected. 


X-RAY  FLUORESCENCE 
EXPERIMENT 

The  X-ray  spectrometer  was  the  second  of  the 
three  geochemical  remote  sensors  flown  on  the 
ApoUo  16  mission.  By  analyzing  the  characteristic 
secondary  X-ray  emissions  produced  by  solar  X-rays 
impinging  on  the  lunar  surface,  maps  of  the  Al/Si  and 
Mg/Si  ratios  can  be  constructed  for  the  sunlit 
portions  of  the  Moon.  Preliminary  conclusions  reaf- 
firmed the  validity  of  the  ApoUo  15  result  and 
extended  the  interpretation  over  new  areas.  Most 
important,  and  the  objective  of  aU  the  orbiting 
geochemical  sensors,  is  the  ability  to  compare  the 
compositions  of  returned  lunar  samples  to  those  of 
remote  areas  of  the  Moon.  The  AI2O3  concentration 
in  the  Descartes  soil  inferred  from  the  X-ray  measure- 
ments (26  to  27  percent)  was  confirmed  by  the 
preliminary  analysis  of  the  returned  soil  (26.5  per- 
cent). Descartes  soils  appear  to  be  similar  to  those  of 
the  eastern  limb  and  the  far-side  highlands.  Remotely 
sensed  Al/Si  and  Mg/Si  ratios  for  Descartes  are  0.67  ± 
0.1 1 and  0.19  ± 0.05  and  those  of  the  eastern  limb 
and  the  far-side  highlands  are  approximately  0.60  to 
0.71  and  0.16  to  0.21,  respectively.  CeneraUy,  the 
highlands  are  high  in  aluminum  and  low  in  magne- 
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sium,  whereas  the  reverse  is  true  for  the  maria. 
However,  there  are  exceptions,  such  as  Ptolemaeus, 
where  both  magnesium  and  aluminum  are  high.  The 
emerging  picture  of  the  lunar  highlands  is  one  of  an 
ancient  lunar  crust  composed  of  materials  with  a 
composition  varying  between  anorthositic  gabbro  and 
gabbroic  anorthosite. 

During  transearth  coast,  the  Apollo  16  X-ray 
spectrometer  was  used  to  observe  the  temporal 
behavior  of  two  pulsating  X-ray  stars,  Scorpius 
(ScoX-1)  and  Cygnus  (Cyg  X-1).  Sco  X-1  may  be 
characterized  by  quiet  periods  and  by  periods  of  up 
to  a day  in  length  in  which  10-  to  30-percent  changes 
in  X-ray  intensity  occur  in  a few  minutes.  These 
changes  in  intensity  are  concurrent  but  not  neces- 
sarily simultaneous  with  changes  in  optical  and  radio 
intensity.  Cyg  X-1  can  double  in  intensity  within  a 
day  or  so.  The  increase  occurs  in  all  three  energy 
ranges,  1 to  3 keV,  3 keV,  and  7 keV.  The  time 
variability  of  the  two  sources  does  not  appear  to  be 
similar  at  time  scales  of  several  seconds  to  2 hr. 

ALPHA  PARTICLE 
SPECTROMETER  EXPERIMENT 

The  third  of  the  remote  geochemical  sensors,  the 
alpha  particle  spectrometer,  is  sensitive  to  radioactive 
radon  gas  emanating  from  the  lunar  surface.  Because 
radon  itself  is  a product  of  the  decay  of  uranium  and 
thorium,  mapping  the  concentration  of  radon  gas  is 
tantamount  to  mapping  regions  of  high  radioactivity. 
This  capability  is  especially  significant  where  the 
radioactivity  lies  below  the  lunar  surface  yet  might  be 
detected  by  its  escape  through  fissures.  Results  from 
a still  incomplete  analysis  of  Apollo  1 5 data  indicate 
that  the  region  including  Aristarchus,  Schrotefs 
Valley,  and  Cobra  Head  is  an  area  of  relatively  high 
radon  emanation.  Because  of  the  limited  spatial 
resolution  of  the  technique,  only  general  source 
regions  can  be  designated.  Another  area  that  has  been 
identified  is  the  broad  region  from  west  of  Mare 
Crisium  to  the  Van  de  Graaff-Oriov  area.  A real-time 
analysis  of  Apollo  16  data  indicates  a strong  high 
centered  on  Mare  Fecunditatis. 

MASS  SPECTROMETER  EXPERIMENT 

The  objectives  of  the  lunar  orbital  mass  spectrom- 
eter carried  on  both  the  Apollo  15  and  16  missions 
were  to  detect  a lunar  atmosphere  and  to  search  for 


active  lunar  volcanism.  The  instrument  covered  the 
mass  range  from  12  to  67  amu  and  was  sensitive  to 
partial  pressures  as  low  as  1 X \Qr^^  torr.  Unfortu- 
nately, contamination  from  the  spacecraft  tends  to 
mask  the  lower  concentrations  of  the  atmospheric 
g^ses.  However,  shortly  after  the  plane  change  and 
rendezvous  of  the  Apollo  16  command  and  service 
module  (CSM)  and  lunar  module  (LM),  the  contami- 
nation levels  as  recorded  by  the  mass  spectrometer 
were  the  lowest  yet  observed  in  lunar  orbit.  During 
this  period,  data  were  obtained  on  the  partial  pressure 
of  neon-20.  A preliminary  analysis  indicates  that,  at 
the  orbital  altitude  of  100  km,  the  concentration  of 
neon-20  is  8.3  (±5)  X 10^  atoms/cm^.  Because  100 
km  is  4 scale  heights  above  the  lunar  surface  at  night, 
the  nighttime  surface  concentration  would  be  4.5 
(±3)  X 10^  atoms/cm^.  This  value  is  approximately  a 
factor  of  3 less  than  previous  estimates. 


SUBSATELLITE  MEASUREMENTS 
OF  PLASMA  AND 
ENERGETIC  PARTICLES 

Along  with  a magnetometer  and  an  S-band  track- 
ing function,  plasma  and  energetic  particle  detectors 
were  carried  on  the  subsatellite  launched  into  lunar 
orbit  by  the  Apollo  16  CSM.  These  detectors  were 
included  to  observe  tne  various  plasmas  in  which  the 
Moon  moves,  to  study  the  interaction  of  the  Moon 
with  the  solar  wind  plasma,  and  to  observe  certain 
features  of  the  structure  and  dynamics  of  the 
magnetosphere  of  the  Earth.  The  detectors  were 
sensitive  to  electrons  in  the  0.5-  to  15-  and  20*  to 
300-keV  ranges  and  to  protons  in  the  40-keV  to 
2-MeV  range. 

A first  look  at  the  data  indicates  that  the  sensors 
experienced  passage  of  a hydromagnetic  shock  wave 
In  the  solar  wind.  The  magnetometer  recorded  a sharp 
discontinuity  at  the  time  of  electron  onset,  and, 
10  min  later.  Earth-based  magnetometers  observed  a 
similar  disturbance.  This  magnitude  corresponds  to  a 
shock-propagation  velocity  that  is  greater  than 
400  km/sec.  The  rise  times  for  the  proton  and 
electron  increases  yield  profiles  for  the  region  of 
shock  discontinuity.  The  inferred  thickness  of  this 
region  is  approximately  4000  km.  Solar  wind  elec- 
trons maintained  abnormally  high  temperatures  for 
12  hr  following  the  shock. 
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At  the  time  of  the  Apollo  16  subsatcllite  launch, 
the  Moon  was  just  entering  the  geomagnetic  tail. 
During  the  time  the  Moon  was  in  the  magnetotail,  the 
subsatellite  returned  22  orbits  of  data  on  the  high- 
latitude  magnetotail  and  nine  orbits  of  data  on  the 
plasma  sheet.  From  these  data,  the  fluxes  and  the 
energy  spectra  were  constructed.  A continuing  fea- 
ture of  the  plasma  sheet  is  a large  flux  of  energetic 
protons.  Plasma-sheet  protons  greater  than  40  keV 
often  have  flux  an  order  of  magnitude  greater  than 
electrons  of  the  sami  energy.  This  difference  is  in 
contrast  to  the  high-latitude  magnetotail,  in  which 
the  electron  and  proton  fluxes  are  approximately  the 
same. 

S-BAND 

TRANSPONDER  EXPERIMENT 

C-band  transponder  tracking  of  the  LM-CSM  and 
of  the  Apollo  subsatellites  is  used  to  map  the  lunar 
gravitational  field.  The  degree  of  correlation  between 
the  gravity  map  and  physiographic  features  such  as 
craters  or  mountains  is  used  to  infer  density  contrasts 
or  to  detect  buried  structures. 

Unlike  spacecraft  on  previous  Apollo  missions,  the 
Apollo  16  LM-CSM  did  not  traverse  any  known 
completely  visible  mascons.  However,  several  features 
do  appear  in  the  new  gravity  profiles.  An  extensive 
gravity  that  does  not  correlate  well  with  the  surface 
feature  was  found  in  the  area  of  the  Riphaeus 
Mountains.  The  mountains  may  be  associated  with  a 
much  larger  subsurface  structure.  The  Nubium  and 
Fra  Mauro  areas  are  gravity  lows;  and  the  Descartes 
area,  altnough  essentially  a gravity  high,  is  flanked  on 
the  east  bv  a definite  negative  anomaly.  Although  the 
detailed  analysis  continues,  several  generalizations 
may  be  made. 

f I ) All  unfilled  craters  are  negative  anomalies. 

(2)  All  filled  ‘‘craters’’  and  circular  seas  with 
diimeters  greater  than  approximately  200  km  are 
positive  anomalies,  or  mascons.  The  smallest  is 
r imaldi  at  150  km;  an  exception  is  the  unique 
Sinus  Iridum. 

(3)  Filled  craters  less  than  200  km  in  diameter 
are  negative  anomalies;  an  example  is  Ptolemaeus. 

(4)  Part  of  the  central  highlands  appears  as  a 
positive  anomaly. 

(5)  Mountain  ranges  observed  so  far  have  positive 
anomalies  (Marius,  Apennines);  whether  isostatic 
equilibrium  has  been  achieved  is  undetermined. 


(6)  Gravitational  anomalies  associated  with  the 
ring  structure  of  Orientate  are  verified  independently; 
the  suggestion  of  ring  structure  ft » .^me  of  the  other 
mascons  is  consistent  with  the  additional  data. 

(7)  There  are  definable  features  not  correlated 
with  obvious  surface  features  of  geologic  blocks,  and 
these  features  presumably  represent  subsur- 
face cliaracteristics. 

BISTATIC  RADAR 
EXPERIMENT 

The  bistatic  radar  experiment  uses  CSM  S-band 
and  very-high-frequency  (VHF)  transmissions  to 
probe  the  electromagnetic  and  structural  properties 
of  the  lunar  surface.  Radio  signals  from  the  CSM  are 
reflected  by  an  approximately  1 0-km-diameter  area 
of  the  Moon  and  recorded  by  radiotelescopes  on  the 
Earth.  As  the  CSM  orbits,  the  reflecting  spot  scans 
the  lunar  disk.  The  characteristics  of  that  reflecting 
area  can  be  interpreted  in  terms  of  dielectric  proper- 
ties, block  sizes,  and  slopes. 

Initial  conclusions  are  that  the  oblique  geometry 
scattering  properties  of  the  lunar  surface  are  wave- 
length ’ependent  in  the  decimeter  to  meter  range.  At 
a given  wavelength,  the  scattering  law  is  highly 
dependent  on  local  topography.  Furthermore,  there 
are  systematic  differences  in  the  average  scattering 
properties  of  mare  and  highland  units.  Generally, 
reflections  off  maria  at  the  S-band  wavelength  are 
uniform  and  consistent  with  a Ivnar  surface  dielectric 
constant  of  3.1  ±0.1.  The  VHF  reflection  is  not  as 
easily  interpreted.  Evidently,  the  maria  are  not  simple 
half-space  reflectors  at  VHF  wavelengths.  Both  the 
Apennines  and  the  central  highlands  show  a reduction 
in  the  dielectric  constant  from  3.1  for  S-band  to  2.S 
for  VHF.  Typical  root -mean-square  slopes  for  the 
highlands  are  5°  to  1^  for  both  S-band  and  VHF 
wavelengths,  whereas,  for  the  maria,  the  data  are 
consistent  with  2°  to  4°  slopes  at  S-band  but  only  to 
Tor  2°  at  VHF  wavelengths. 

ADDITIONAL  EXPERIMENTS 

A continuation  of  an  experiment  flown  on  the 
Apollo  15  mission,  the  ultraviolet  photography  of  the 
Earth  and  Moon,  was  to  allow  comparison  of  ultra- 
violet and  color  photographs  under  equivalent  cir- 
cumstances. The  results  will  be  applied  to  telescopic 
observations  of  the  planets.  A 70-mm  camera  was 
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used  wu!'.  four  filters  having  passbands  between 
255  and  400  nm.  A survey  of  the  returned  iniages  of 
the  Moon  shows  little  of  the  loss  of  detail  at  the 
shorter  wavelengths  observed  in  telescopic  ultraviolet 
photographs  of  Mars.  The  photographs  of  the  Earth 
show  the  expected  diminution  of  detail  with  shorter 
wavelengths  caused  by  *he  increased  opacity  of  the 
atmosphere  of  the  Eartn  at  ultraviolet  wavelengths. 

The  Apollo  command  module  heat  shield  win- 
dows are  studied  to  obtain  information  about  the 
flux  of  meteoroids  with  masses  of  1 X 10*^g  dov/n  to 
the  detection  limit  of  I X 10‘*  ^g  for  optical  studies 
or  of  meteoroids  of  much  lower  masses  for  antici- 
pated electron  microscope  studies.  The  resulting 
estimate  of  mass  flux  is  in  good  agreement  with 
Surveyor  111  data  and  with  models  generated  from 
'lear-Earth  studies. 

Three  biomedical  experiments  were  flown  on  the 
Apollo  16  mission.  These  were  the  biostack,  an 
experiment  to  study  the  biological  effects  of  galactic 
cosmic  radiation;  the  Apollo  light  '1ash  moving 
emulsion  detector,  to  study  the  subjective  observa- 
tion of  faint  light  flashes  seen  by  nearly  ail  Apollo 
crewmen  while  in  space;  and  the  microbial  ecology 


evaluation  device,  to  study  the  response  of  various 
microbes  to  a space  environment.  All  three  experi- 
ments were  executed  successfully.  Although  a few 
qualitative  results  are  included  in  this  report,  the 
detailed  analyses  have  just  begun. 

An  impressive  array  of  cameras  was  flown  in  the 
Apollo  16  CSM.  These  ranged  from  the  highly 
sophisticated  24-in.  panoramic  camera  and  the  3-in. 
mapping  camera  with  its  laser  altim^  ter  and  star-field 
recorder  to  the  16-,  35-,  and  70*mm  cameras  used  for 
astronomical  photography,  earthshine  lunar  photog- 
raphy, and  solar  corona  phoiography  and  to  support 
crew  observations  of  lunar  features.  The  more  than 
two  dozen  sections  in  this  report  resulting  from  this 
Apollo  16  photography  are  ample  testimony  of  its 
value.  These  sections,  as  well  as  sununaries  of 
Earth-based  radar  and  infrared  studies,  are  included  as 
valid  products  of  the  Apollo  16  effort. 
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3.  Summary  of  Scientific  Results 

Robert  A,  Parker^ 


The  tiist  phase  of  man’s  active  exploration  of  the 
Moon  came  to  an  end  with  the  Apollo  17  mission. 
Many  questions  about  lunar  science  have  been 
answered  during  the  intensive  activity  of  the  last 
decade,  but  many  more  remain  to  be  answered.  Some 
of  the  unanswered  questions  will  be  answered  in  the 
future  from  data  already  returned  but  as  yet  not  fully 
analyzed,  and  some  will  have  to  wait  for  data  yet  to 
be  returned  from  in*'^rument$  already  in  place  on  the 
luna^  ' ^ace.  btul  other  questions  must  await  further 
explc  ration. 

The  basic  objective  of  the  Apollo  1 7 mission  was 
to  sample  basin  ri*  i highland  material  and  adjacent 
mare  material  anu  investigate  the  geological  evolu* 
tionary  relationship  between  these  two  major  units. 
In  addition  to  achieving  this  general  geological  objec- 
tive, it  has  also  been  possible  to  measure  directly  the 
thermal  neutron  flux  in  the  rcgolith,  to  explore 
geophysically  the  subsu*^face  structure  of  the  valley 
floor,  to  determine  the  constituents  of  the  knar 
atmosphere  and  observe  their  variations  during  the 
lunar  day  and  night,  and  to  explore  even  more  of  the 
lunar  surface  remotely  from  orbit. 

These  initial  results  and  others  wiM  someday  ht 
combined  into  a coherent  picture  of  the  evolution  o. 
the  Moon  that  will  reflect  more  light  on  both  the 
abstract  and  specific  problems  of  the  evolution  and 
current  conditions  of  the  Earth  and  other  planets. 
That  will  be  the  true  legacy  of  the  Apollo  Program- 
not  just  the  sometimes  apparently  fragmented  pre- 
liminary results  seen  here. 

LUNAR  FIELD  GEOLOGY 

Premission  photogeology  of  the  Taurus-Littrow 
valley  and  its  environs  led  to  the  expectation  of 
sampling  five  different  m?*jor  stratigraphic  units:  the 
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light  mantle,  the  dark  mantle,  the  subfloor,  the 
Sculptured  Hills,  and  the  massifs. 

The  light  mantle  unit  was  sampled  at  stations  2, 
2A,  and  3 and  at  two  lunar  roving  vehicle  (LRV) 
sampling  stops.  Preliminary  indications  from  these 
samples  are  that  the  light  mantle  is  primarily  fine- 
grained debris  that  includes  cataclasites  and  breccias 
similar  to  those  attnouted  to  the  South  Massif  and 
different  from  the  regolith  elsewhere  on  the  valley 
floor.  These  observations  are  in  agreement  with  the 
hypothesis  that  the  light  mantle  unit  resulted  from  a 
slide  down  the  northern  face  of  the  South  Massif  that 
occurred  approximately  10^  yr  ago  as  indicated  by 
crater  counts.  The  slide  perhaps  was  caused  by  the 
impact  of  some  secondary  ejecta  at  the  top  of  the 
South  Massif. 

The  dark  mantle  unit  remains  one  of  the  enigmas 
of  the  Apollo  17  mission.  Photogeological  observa- 
tions of  the  subdued  appearance  of  the  larger  craters 
and  the  general  paucity  of  craters  on  the  valley  floor 
had  led  tc  the  expectation  of  a ’^mantling”  unit 
which  covered  the  valley  floor  sometime  after  most 
of  the  regol  h formation  had  taken  place  and  which 
was  perhaps  Copemican  in  age.  Because  of  dark  areas 
in  depressions  in  the  surrounding  highlands,  the 
mantling  unit  was  expected  to  have  also  covered  z* 
least  part  of  *he  highlands.  No  such  unit  has  so  fai 
been  detected  m situ.  Instead,  everywhere  on  the 
valley  floor  except  in  the  area  of  the  light  mantle,  the 
soil  appears  to  be  regolith  largely  derived  from  the 
underlying  subfloor  basalt  unit.  A possible  dark 
mantle  component  in  the  regolith  is  the  dark  glass 
sphere  unit  of  unknown  origin  but  possibly  related  to 
the  orange  glass  of  station  4.  The  age  of  the  dark 
glass,  however,  is  3.7  X lO’  yr,  and  it  is  apparently 
weP  tr*xed  into  the  regolith,  which  seems  to  rule  it 
out  as  the  mantling  unit. 

The  subfloor  unit  was  well  sampled  at  a number  of 
stations  (the  Apollo  lunar  surface  experiments  p;*ck- 
age  ' VLSEP)  site  and  stations  I A,  4,  5,  and  9?)  and 
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was  shown  to  be  a 3.8  X 10^>yr-old,  massive,  lights 
colored  mare  basalt  unit  containing  10  to  15  percent 
vesicles,  30  to  40  percent  plagioclase,  together  with 
clinopyroxene  and  flmenite  as  rock^forming  plagio> 
dase.  Some  local  variations  in  texture,  mineralogy, 
and  chemistry  exist.  Geophysical  experiments  on  the 
mission  also  indicate  the  existence  of  such  a layer 
with  a thickness  of  approximately  1 km.  Samples  of 
tl^  subfloor  basalt  were  primarily  taken  from 
boulder-size  ejecta  at  large  craters  that  penetrated  the 
legolith  to  the  underlying  unit.  Samples  of  the  basalt 
were  also  obtained  from  the  regolith  that  has  been 
developed  on  top  of  it,  notably  in  a widespread  series 
of  LRV  samples  as  well  as  at  the  major  geological 
stations.  Samples  from  station  9 in  particular  may  be 
from  deep  in  the  regolith  (but  not  quite  to  the  depth 
of  the  basalt  unit). 

The  Sculptured  Hills  unit  was  investigated  at 
station  8.  Because  of  the  lack  of  any  identiflable 
material  that  has  moved  downdope,  sampling  of  the 
Sculptured  Hills  unit  consists  of  samples  of  the 
regolith  from  the  lower  part  of  the  slope.  Because  the 
soil  undoubtedly  is  composed  of  material  from  both 
the  valley  regolith  and  the  Sculptured  Hills  regolith, 
identification  of  the  Sculptured  Hills  rock  types  will 
have  to  be  delays  until  a comparison  can  be 
made  between  the  valley  regolith  and  the  soil  col- 
lected at  station  8.  At  the  moment,  no  more  is 
known  aoout  the  Sculptured  Hills  unit  than  that  it 
is  a highland  unit  ' .urphologically  different  from 
the  massifs  and  the  reasons  for  this  difference  are 
unknown. 

The  massif  unit  was  sampled  at  three  locations  at 
the  bases  of  the  South  and  North  Massifs  (station  2 
ard  stations  6 and  7,  respectively)  and  also  in  the 
light  mantle.  Five  different  boulders  (one  of  which,  at 
station  6,  had  broken  into  five  boulder-size  pieces)  as 
weP  as  soils  were  sampled  at  the  three  stations.  The 
boulders  undoubtedly  represent  units  in  place  higher 
up  the  massif  slopes  (in  the  upper  half  of  the  South 
Massif  ar.d  the  lower  third  of  the  North  MassiO-  All 
the  boulders  are  brecc...;  of  a moderately  complex 
nature,  similar  to  those  from  the  Apollo  15  and  16 
sites,  and  are  indicative  of  more  than  one  brecciation 
event.  There  is  indication  of  a correlation  of  breccia 
types  between  the  North  and  South  Massifs,  but 
definitive  conclusions  on  this  must  wait  for  additional 
geochemical  analyses  and  detailed  petrologic  exami- 
nation. In  the  meantime,  it  can  be  concluded  that  the 
massif  unit,  probably  raised  by  the  Serenitatis  event, 


is  composed  of  breccias  that  probably  were  produced 
by  one  or  more  basin-forming  events. 

An  event  of  great  intere:»t  during  the  geological 
exploration  of  the  valley  of  Taurus-Littrow  was  the 
discovery  of  deposits  of  orange  glass  on  the  rim  of 
Shorty  Crater.  Present  indications  are  that  the  orange 
^ass  is  fairly  old  (3.7  X 10^  yr);  that  shortly  after  its 
formation,  it  was  well  buried;  and  that  only  recently 
(20  to  30  X 10^  yr  ago),  it  was  excavated  by  the 
Shorty  Crater  impact.  Some  traces  of  the  orange  glass 
spheres  exist  in  the  regolith  elsewhere  in  the  valley. 

The  general  premission  model  of  a graben  valley 
that  was  formed  as  part  of  the  Serenitatis  event, 
perhaps  reactivated  since  then,  and  later  partly  filled 
with  a basalt  flow  (or  flows)  during  the  episode  of 
mare  filling  is  corroborated  and  more  t^tly  defined 
by  the  data  analyzed  to  date. 

PRELIMINARY  SAMPLE 
ANALYSIS 

The  suite  of  rock  samples  returned  from  the 
Apollo  17  mission  is  a quite  varied  one.  Included  in 
the  samples  are  basalts,  dark-matrix  breccias  and 
agglutinates,  green-gray  breccias,  blue-gray  breccias, 
light-gray  breccias,  brecciated  gabbroic  rock^,  and 
others  (including  a dunite  clast  composed  of  more 
than  95  percent  olivine). 

The  basalts  are  quite  uniform  in  composition  and 
are  generally  similar  to  the  Apollo  1 1 i^ac^lts.  They 
are  ^nerally  vesirdar,  hav«  vanable  grain  sizes  as 
large  as  2 mm,  ana  consist  of  approximately  25  to  30 
percent  plagioclase.  The  basalts  are  hi^H  in  tUanium 
like  the  Apollo  11  basalts  but  are  much  lower  in 
nickel.  In  detaO,  chemical  differences  within  the 
Apollo  1 7 basalt  suite  argue  for  at  least  two  different 
basalt  types. 

The  dark-matrix  breccias  and  agglutin«**tes  are 
derived  from  the  basalt  regolith  of  the  valley  floor 
and  contain  clasts  of  basalt.  The  green-gray  breccias 
are  predominantly  matrix  with  a small  percentage  of 
mostly  mineral  clasts.  The  matrix  is  coherent,  is  rich 
in  poikilitic  orthopyroxene,  and  has  vesicles  as  large 
as  several  centimeters  in  diameter.  The  blue-gray 
breccias  are  matrix  breccias  with  a more  varied 
population  of  clasts  than  the  green-gray  breccias.  The 
blue-gray  matrix  is  slightly  vesicular  with  some 
fine-scaJe  banding  and  a recrystallized  texture.  The 
light-gray  breccias  are  layered  and  foliated,  have  a 
higher  percentage  of  clasts,  and  are  less  coherent  than 
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the  green-gray  and  blue-gray  types.  The  clasts,  both 
lithic  and  mineral,  are  ge  ierally  feldspar  rich  and 
include  first-  ^d  second-order  breccias.  The  light- 
gray  matrix  texture  is  fragnr^ntal.  The  brecciated 
gabbroic  rocks  are  similar  to  the  crushed  cataclastic 
anorthosites  returned  on  the  ApoUo  15  and  16 
missions. 

The  breccias  can  be  divided  chemically  into  two 
groups:  the  blue-gray,  green-gray,  and  light-gray 
breccias  with  approximately  50  percent  normative 
plagioclase  and  the  brecciated  gabbroic  rocks  with 
approximately  70  percent  normative  plagioclase.  The 
blue-gray,  green-gray,  and  light-gray  breccias  have 
strikin^y  more  potassium,  phosphorus,  rubidium, 
yttrium,  zirconium,  and  niobium  than  the  brecciated 
gabbroic  rocks.  Based  on  analysis  of  one  light-gray 
breccia,  they  appear  to  have  slightly  higher  rubidium, 
yttrium,  and  zirconium  contents  and  a slightly  lower 
strontium  and  nickel  content  than  the  blue-gray  and 
green-gray  breccias.  Both  the  major-  and  trace- 
element  compositions  of  the  blue-,  green-,  and  light- 
gray  breccias  are  very  similar  to  those  of  the 
KREEP-like  rocks  (those  that  are  rich  in  potassium, 
rare-earth  elements,  and  phosphorus)  from  Descartes 
and  are  especially  similar  to  those  of  the  brown-giass- 
matrix  breccia  from  Hadley-Apennir'  brecciated 
gabbroic  rocks  chemically  resem  .milar  rocks 
from  the  Apollo  16  mission  and  t.  cdally  closely 
resemble  Apollo  15  sample  15418. 

The  Apollo  1 7 soils  are  generally  divided  into  two 
types:  soils  on  the  valley  floor  derived  as  regolith 
from  the  underlying  basalt  and  soils  from  the  massifs 
and  light  mantle  derived  as  regolith  from  the  breccias. 
At  the  transition  zones  between  the  two  units  and  at 
the  foot  of  the  Sculptured  Hills,  the  soils  are  a 
mixture  of  the  two  types.  Exotic  glasses  (orange  and 
black  glass  spherules),  first  noticed  at  Shorty  Crater, 
are  present  in  soils  throughout  the  valley.  The  orange 
soil  is  generally  basaltic  but  has  a higf  er  percentage  of 
magnesium  and  a very  strikingly  high  abundance  of 
zinc  as  well  as  other  trace-element  differences  (e.g., 
high  chromium  oxide).  The  orange  soil  also  contains 
more  low-temperature  volatiles  than  do  other  soil 
samples. 

SURFACE  ELECTRICAL  PROPERTIES 
EXPERIMENT 

The  surface  electrical  properties  (SFP)  experiment 
was  used  to  measure  the  dielectric  constant  of  the 


lunar  regolith  in  situ  and  also  to  provide  information 
on  the  subsurface  structure  in  the  region  covered  by 
the  geology  traverses.  Electromagnetic  radiation  at  six 
frequencies  between  1 and  32  MHz  was  transmitted 
from  a fixed  crossed-dipole  antenna  and  received 
through  an  antenna  attached  to  the  LRV.  Preliminary 
indications  are  that  useful  data  were  received  only 
during  the  traverse  from  the  SEP  site  to  station  2.  On 
the  basis  of  early  analysis  of  the  signals  recorded 
during  that  traverse,  two  different  models  can  be 
developed.  One  model  explains  the  observations  in 
terms  of  a dielectric  constant  that  increases  as  a 
function  of  depth,  in  particular  with  a marked 
discontinuity  at  a depth  of  approximately  50  m.  The 
other  model  includes  two  layers  having  diffeicnt 
dielectric  constants  the  interface  of  which  decreases 
in  depth  from  approximately  20  m at  the  lunar 
module  (LM)  site  to  15  m at  station  2. 

LUNAR  TRAVERSE  GRAVIMETER 

By  tlie  comparison  of  measurements  made  on  the 
Earth  and  at  the  ApoOo  17  landing  site  with  the  same 
instrument,  the  lunar  traverse  gravimeter,  the  value  of 
gravity  at  the  LM  site  was  found  to  be  162  695  ± 5 
mgal.  Relative  gravity  measurements  were  obtained 
for  a network  of  1 2 stations  spread  across  the  valley 
floor.  At  four  stations  near  the  LM  (the  LM,  ALSEP, 
and  SEP  sites  and  station  lA),  the  10  measurements 
agree  within  approximately  ± 3 mgal.  At  four  other 
stations  on  the  valley  floor  located  as  far  as  5 km 
from  the  LM  (stations  3,  4,  5,  and  9),  the  Bouguer 
anomaly  is  generaUy  small  and  slightly  negative  (-5 
to  -10  mgal).  At  four  other  stations  either  at  or  very 
near  the  massifs  vstations  2,  2A,  6,  and  8),  the 
Bouguer  anomaly  increases  rapidly  to  between  -20 
and  -25  mgal.  Between  stations  2A  and  3,  a distance 
of  less  than  1.5  km,  the  Bouguer  anomaly  changes 
from  -20  to  -5  mgal.  The  Bouguer  anomaly  curve 
has  been  interpreted  in  terms  of  a model  with  a 
1 -km- thick  plate  of  basalt  for  the  valley  floor, 
assuming  a density  contrast  of  0.8  g/cm^  with  respect 
to  the  materia]  on  either  side. 

LUNAR  SEISMIC  PROFILING 
EXPERIMENT 

The  lunar  seismic  profiling  experiment  is  an 
extension  of  the  active  seismic  experiment  carried  on 
the  Apollo  14  and  16  missions.  Eight  explosive 
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charges  (ranging  in  size  from  57  to  2722  g)  were 
deployed  at  distances  between  100  and  2700  m from 
a triangular  geophone  array.  These  charges  were  later 
detonated  on  command  from  the  Earth,  and  travel- 
time  measurements  were  obtained  that,  together  with 
the  LM-impact  signals,  indicate  a three-layer  model 
for  the  valley  floor  at  Taurus-Littrow.  The  first 
248-nv  thick  surface  layer  has  a seismic  velocity  of 
250  m/sec.  The  second  layer,  extending  to  a depth  of 
approximately  1 200  m,  has  a seismic  velocity  of  1 200 
m/sec.  Below  1 200  m,  the  third  layer,  with  a seismic 
velocity  of  approximately  400  m/sec,  begins.  A 
reasonable  model,  with  basalt  flows  filling  the  vaUey 
of  Taurus-Littrow  to  a depth  of  1.2  km,  can  be 
derived  from  these  observations.  The  4000-m/sec 
velocity  for  the  third  layer  is  a valuable  tie  point 
between  the  shallow  surface  velocities  measured 
earlier  and  the  deeper  velocities  measured  by  the 
passive  seismometers  from  distant  events. 

LUNAR  SURFACE  GRAVIMETER 

The  lunar  surface  gravimeter  was  designed  to  make 
very  accurate  (1  part  in  10**)  measurements  of  the 
acceleration  of  lunar  gravity  and  of  its  variation  with 
time.  These  measurements  should  allow  investigations 
of  gravitational  waves  by  using  the  Moon  as  an 
antenna  and  also  investigations  of  tidal  distortions  of 
the  shape  of  the  Moon.  Following  deployment  of  the 
gravimeter,  ptoblems  occurred  in  trying  to  bal;,nce 
the  beam.  These  problems  were  probably  caused  by 
an  incorrect  mass  of  the  beam  and  have  at  least  partly 
been  overcome  by  applying  pressure  on  the  beam 
with  the  mass-changing  mechanism.  Data  in  the  form 
of  $ei.smic  events  at  sunrise  and  sunset  have  been 
received,  and  it  is  hoped  that  the  instrument  can  be 
used  in  its  off-nominal  mode  to  obtain  the  data  for 
which  it  was  designed. 

LUNAR  EJECTA  AND  METEORITES 
EXPERIMENT 

The  objectives  of  the  lunar  ejecta  and  meteorites 
experiment,  whk  i is  part  of  the  ALSEP,  are  to  detect 
secondary  particles  that  have  been  ejected  by  meteor- 
ite impacts  on  the  lunar  surface  and  to  detect  primary 
micrometeorites  themselves.  The  particle  detectors  of 
the  instrument  are  multilayered  arrays  that  are 
capable  of  measuring  the  velocity  and  energy  of 


incident  particles.  No  meaningful  results  are  yet 
avaUable  from  this  instrument. 

LUNAR  ATMOSPHERIC  COMPOSITION 
EXPERIMENT 

The  lunar  atmospheric  composition  experiment  is 
designed  to  identify  the  various  gases  in  the  lunar 
atmosphere  ani  to  determine  the  concentration  of 
each  species.  Previous  measurements  using  the  cold 
cathode  ion  gages  have  been  limited  to  total  gas 
concentrations.  Preliminary  results  for  the  first  three 
lunations  indicate  the  presence  of  (1)  three  native 
species  in  the  lunar  atmosphere  (helium,  neon,  and 
argon)  and  (2)  a large  number  of  other  species,  some 
of  which  are  undoubtedly  contaminants  (e.g.,  atomic 
hydrogen,  nitrogen,  oxygen,  chlorine,  hydrochloric 
acid,  and  carbon  dioxide).  The  measured  concentra- 
tions of  these  contaminants  has  continued  to  decline 
with  the  passage  of  time. 

The  measured  helium  concentrations  and  their 
behavior  as  a function  of  phase  in  the  lunation 
(increasing  by  a factor  of  20  toward  lunar  midnight) 
are  in  agreement  with  predictions  that  helium  does 
not  freeze  out  on  the  surface  at  night  a:id  that  its 
source  is  the  solar  wind.  The  concent^'ation  of  neon, 
measured  only  at  night,  is  a factor  of  20  lower  than 
predicted,  and  the  results  are  not  understood.  The 
concentration  of  argon  also  decreases  (in  fact,  be- 
comes undetectable)  during  the  night  as  expected  for 
a gas  that  freezes  out  on  the  surface  during  the  lunar 
night.  Shortly  before  dawn,  the  argon  concentration 
begins  to  rise,  apparently  indicative  of  the  migration 
of  argon  across  the  approaching  sunrise  terminator  (a 
predawn  argon  breeze);  the  behavior  of  the  contami- 
nants is  markedly  different  in  that  they  show  a sharp 
rise  just  at  local  sunrise. 

HEAT  FLOW  EXPERIMENT 

The  deployment  of  a second  heat  flow  experiment 
on  the  lunar  surface  as  a part  of  the  Apollo  17 
ALSEP  allows  comparison  of  lunar  heat  flow  mea- 
sured at  two  different  stations,  the  Apollo  15  and  17 
landing  sites.  Both  Apollo  17  probes  were  success- 
fully inserted  to  their  fuU  depth  of  2.36  m. 

Preliminary  results  indicate  that  the  heat  flow  at 
the  Apollo  17  site  is  2.8  X 10“^  W/cm^  for  the  first 
probe  and  2.5  X 10*"^  W/cm^  for  the  second  probe. 
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These  values  can  be  compared  with  a revised  value  for 
the  ApoUo  15  site  of  3.1  X 10‘®  W/cln^  The 
uncertainty  for  all  three  values  is  ± 20  percent.  The 
heat  flow  gradient  for  probe  1 is  uniform  in  agree- 
ment with  a similar  observation  made  at  the  Apollo 
15  site.  For  probe  2,  however,  the  gradient  is 
definitely  not  uniform  and  the  difference  is  believed 
to  be  due  to  insertion  of  the  probe  very  near  a buried 
boulder. 

Corrections  for  topography  have  not  yet  been 
applied  to  the  heat  flow  values.  Although  the  size  of 
these  corrections  is  not  clear  at  this  time,  it  would 
appear  that  they  will  result  in  a reduction  of  the 
present  vali  es  by  a factor  of  1 5 to  25  percent  for  the 
Apollo  17  measurements  and  an  uncertainty  of  1 10 
percent  for  the  Apoilo  15  measurements.  The  pos- 
sible resulting  difference  between  the  heat  flow  values 
measured  at  the  two  different  sites  may  be  explain- 
able in  terms  of  higher  thorium  abundances,  observed 
by  the  Apollo  15  gamma  ray  instrument,  in  south- 
eastern Mare  Imbrium  as  compared  with  southeastern 
Mare  Serenitatis.  In  any  case,  values  of  the  heat  flow 
between  2.4X10'*  and  3.0X10“*  W/cm^  are 
confirmed  as  characteristic  of  more  than  one  site  of 
the  Moon.  If  applied  generally  to  the  entire  Moon, 
those  values  argue  for  relatively  large  quantities  of 
radioisotopes  in  the  outer  layers  of  the  Moon. 

LUNAR  NEUTRON  PROBE  EXPERIMENT 

Time-integrated  fluxes  of  thermal  neutrons  (<  1 
eV)  as  a function  of  depth  in  the  regolith  were 
measured  using  the  lunar  neutron  probe.  These 
measurements  were  accomplished  with  targets  of 
boron- 10  and  uranium-235  placed  at  intervals  along  a 
2-m  rod  that  was  inserted  into  the  hole  left  by  the 
deep  drill  core  when  it  was  extracted.  Preliminary 
analysis  of  tracks  in  the  mica  detectors  that  were  used 
in  conjunction  with  the  uranium-235  targets  agrees 
with  both  the  magnitude  and  shape  of  previous 
theoretical  work  on  the  neutron  flux  as  a function  of 
depth  in  the  lunar  regolith.  Therefore,  the  problem 
concerning  the  fact  that  integrated  neutron  dosages 
for  soil  samples  indicate  more  rapid  and/or  deeper 
regolith  turnover  than  geological  evidence  indicates  is 
not  resolved.  Hence,  neither  the  mixing  depth  nor  the 
time  scale  of  the  regolith  model,  b<^th  of  which  are 
needed  to  fully  interpret  the  gadolinium  ratios,  has 
been  defined. 


PASSIVE  SEISMIC  EXPERIMENT 

A passive  seismometer  station  was  not  included  in 
the  Apollo  1 7 ALSEP.  The  impacts  of  the  Apollo  1 7 
LM  and  SIVB  were  observed  by  the  four  stations 
already  in  place  at  distances  as  great  as  1750  km. 
These  impacts  and  the  occurrence  of  other  natural 
events  since  the  Apollo  16  mission  (especially  an 
impact  on  the  far  side  near  Mare  Moscoviense)  have 
helped  to  further  define  the  lunar  seismic  model 
below  the  ^*crust**  as  being  characterized  by  a thick, 
seismically  inactive,  relatively  homogeneous  litho- 
sphere that  encloses  an  asthenospheric  zone  of  partial 
melting.  Moonquake  activity  appears  to  be  concen- 
trated at  the  boundary  between  these  two  zones  at  a 
depth  of  approximately  1000  km.  Evidence  has  also 
been  found  for  the  existence  of  two  belts  of  seismic 
activity  as  plotted  by  epicenter  locations.  Seismic 
observations  to  date  cannot  be  used  to  either  confirm 
or  deny  the  possible  existence  of  a small  iron-rich 
core. 

COSMIC  RAY  EXPERIMENT 

A new  set  of  cosmic  ray  detectors  was  carried  to 
the  surface  of  the  Moon  on  the  Apollo  17- mission. 
Two  sets  of  detectors  (including  mica,  quartz,  glass, 
plastic,  and  foil)  were  exposed,  one  set  facing  the  Sun 
and  one  set  in  the  shade  facing  away  from  the  Sun. 
During  the  time  that  the  detectors  were  exposed,  no 
significant  solar  activity  occurred.  Although  the 
absolute  flux  leveL  for  the  0.02-  to  I-MeV/amu 
energy  range  were  considerably  lower  than  those  for 
the  Apollo  16  mission,  the  shape  of  the  spectrum  is 
similar  to  that  for  the  flare  that  occurred  dunng  the 
Apollo  16  mission  and  indicates  that  proportionate 
numbers  of  energetic  particles  are  emitted  by  the  Sun 
even  during  quiet  periods.  Heavy-elemcnt  enrichment 
noted  during  flares  is  also  present  during  the  quiet 
periods.  Tracks  were  also  noted  in  the  detectors 
facing  away  from  the  Sun.  Because  these  particles 
also  have  a *^solar  energy**  spectrum  and  presumably 
come  from  the  Sun,  the  '*antisolar**  tracks  indicate 
the  existence  of  irregularities  in  the  interplanetary 
magnetic  field  outside  the  orbit  of  the  Earth  that  are 
capable  of  “reflecting**  these  solar  cosmic  rays. 

SOIL  MECHANICS  EXPERIMENT 

Although  there  is  considerable  local  variability  in 
the  properties  of  the  soil,  large-scale  averages  have 
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been  very  similar  for  all  ApoUo  landing  sites  with  the 
exception  of  Descartes,  where  tlie  relative  density  is 
notably  lower  than  at  the  other  sites.  Although  the 
soO  density  in  the  Apollo  17  double-core  sample 
obtained  from  the  orange  soil  is  the  highest  yet  found 
on  an  Apollo  mission,  the  difficulty  in  driving  the 
core  tube  was  not  exceptional,  leading  to  the  conclu- 
sion that  it  is  not  a low  mean  porosity  but  a high 
specific  gravity  of  the  individual  grains  that  causes  the 
observed  hi^  density.  Because  of  the  long-term 
stability  of  the  deep  drill  hole,  it  is  concluded  that 
the  soil  strength  is  relatively  high  at  depths  on  the 
order  of  1 to  2 m. 

APOLLO  LUNAR  SOUNDER  EXPERIMENT 

The  Apollo  lunar  sounder  experiment  carried  in 
the  scientific  instrumeni  module  (SIM)  bay  was  a 
three-frequency  (5,  15,  and  150  MHz)  chirped  radar 
sounder.  Depth  of  subsuiface  exploration,  in  terms  of 
features  defined  by  changes  in  the  dielectric  constant, 
decreased  with  increasing  frequency. 

The  Apollo  lunar  sounder  was  designed  for  three 
primary  modes  of  operation:  sounding,  profiling,  and 
imaging.  The  sounding  mode  pertains  to  the  detection 
and  mapping  of  subsurface  features  such  as  a prob- 
able 100-m-dcep  interface  detected  in  western  Mare 
Serenitatis.  The  profiling  and  imaging  modes,  which 
are  similar  to  conventional  surface  return  radars,  can 
provide  quantitative  metric  and  topographic  data  as 
well  as  albedo  measurements. 

Preliminary  results  obtained  by  processing  some 
small  selected  portions  of  the  data  indicate  that 
useful  data  were  obtained. 

ULTRAVIOLET  SPECTROMETER 

The  ultraviolet  spectrometer  flown  in  the  SIM  bay 
of  the  Apollo  17  spacecraft  was  a single-channel 
scanner  having  a 12**  by  20°  field  of  view  and 
covering  a spectra]  range  of  1180  to  1680  A (1 18  to 
168  nm).  The  entire  spectral  range  was  repetitively 
scanned  every  12  sec.  The  primary  objective  of  the 
instrument  was  to  measure  the  lunar  atmosphere 
using  resonance  line  scattering.  No  lunar  atmospheric 
constituents  were  detected  except  for  a short-lived  (2 
to  4 hr)  “cloud”  just  after  the  descent  of  the  LM. 
Among  new  lower  limits  that  were  established  is  one 
of  < 10  atoms/cm^  for  atomic  hydrogen  at  the  lunar 


surface.  This  low  value  (at  least  10  times  lower  than 
predicted  for  a transient  lunar  atmosphere  resulting 
from  the  solar  wind)  implies  that  during  diffusion  at 
the  lunar  surface,  hydrogen  molecules  are  formed. 
The  upper  limits  for  hydrogen  molecules  from  the 
current  observations  are  not  inconsistent  with  this 
idea.  Xenon  is  also  less  abundant  than  predicted  as  a 
native  constituent  of  the  lunar  atmosphere. 

INFRARED  SCANNING  RADIOMETER 

The  infrared  scanning  radiometer,  carried  in  the 
SIM  bay,  was  used  to  map  the  lunar  surface  in 
352-kia-wide  strips  centered  on  the  groundtracks 
with  a resolution  of  better  than  10  km.  This  mapping 
was  accomplished  by  sweeping  Lie  1°  instantaneous 
field  of  view  in  contiguous  strips  perpendicular  to  the 
orbital  groundtrack.  The  spectral  bandpass  extended 
from  1 .2  to  70  /nn. 

In  addition  to  a number  of  individual  thermal 
anomalies,  preliminary  examination  of  the  data 
shows,  among  other  things,  a great  concentration  of 
nighttime  thermal  hot  spots  in  the  Oceanus  Procel- 
larum  region,  particularly  in  contrast  to  the  relative 
smoothness  of  nighttime  scans  of  highland  areas.  The 
nighttime  thermal  picture  of  the  far  side  of  the  Moon 
is  relatively  featureless  compared  to  that  of  the  near 
side. 

S-BAND  TRANSPONDER 

The  general  similarities  of  the  Apollo  15  and  17 
groundtracks  allowed  good  comparisons  to  be  made 
between  gravity  data  obtained  on  the  two  separate 
missions.  Agreement  in  many  areas  (e.g.,  over  Mare 
Crisium)  was  good.  The  model  for  the  Serenitatis 
mascon,  however,  was  shown  to  be  inadequate;  the 
Apollo  17  observations  were  1.6  times  larger  than 
those  predicted  for  the  Apollo  1 7 groundtrack  by  the 
Apollo  15  model.  Because  the  new  Apollo  17  data 
increase  the  areal  coverage  of  Mare  Serenitatis,  it  is 
obvious  that  an  improved  model  can  be  expected. 
Very  good  areal  coverage  was  also  obtained  of 
Grimaldi  Crater,  and  there  is  evidence  that  this 
mascon  has  the  largest  mass  distribution  yet  observed 
for  any  mascon  (approximately  1000  kg/cm^). 

An  estimate  derived  from  these  observations  for 
the  value  of  lunar  gravity  at  the  landing  site  (162  722 
mgal)  compares  .ery  well  with  that  obtained  by  the 
lunar  traverse  gravimeter  (162  695  mgal). 
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BIOSTACK  EXPERIMENT 

The  Apollo  17  biostack  experiment  (biostack  II) 
was  of  very  similar  conEguration  to  the  Apollo  16 
biostack  experiment  (biostack  1).  The  total  radiation 
dose  received  by  biostack  II  was  approximately  IS 
percent  higher  than  that  received  by  biostack  I.  The 
primary  difference  between  the  two  experiments  was 
the  different  set  of  species  flown  on  the  two  missions. 
(Three  of  the  four  species  flown  on  Apollo  16  were 
flown  ^ain  on  Apollo  17  as  well  as  three  other 
species.)  Initial  results,  using  organisms  not  hit  by 
cosmic  rays,  show  that,  as  on  the  ApoDo  16  mission, 
viability  is  apparently  not  affected  by  other  factors 
lelated  to  space  flight.  The  Apollo  16  results  showed 
markedly  different  sensitivity  radiation  between 
different  strains  of  the  same  species.  These  aspects 
will  be  further  investigated  as  work  is  continued  on 
biostacks  1 and  II. 

BIOCORE  EXPERIMENT 

Five  pocket  mice  were  flown  in  a self-contained 
unit  in  the  Apollo  17  command  module  to  study  the 
effects  of  cosmic  rays  on  living  tissues,  especially  the 
brain.  Four  of  the  five  mice  survived  the  trip. 
Processing  of  the  bodies  of  all  five  Apollo  mice  and  of 
a number  of  control  mice  is  underway.  Sectioning  of 
the  brains  has  been  delayed  pending  full  analysis  of 
the  cosmic  ray  tracks  in  the  subscalp  monitors.  An 
average  of  16  tracks/monitor  was  found  for  the 
monitors  on  the  mice  that  survived  the  trip.  Portions 
of  the  scalp  of  one  Apollo  mouse  have  been  examined 
and  found  to  contain  some  lesions,  but  a direct 
relationship  between  these  lesions  and  cosmic  ray  hits 
will  have  to  await  further  analysis  and  comparison 
between  locations  in  the  scalp  and  in  the  monitors. 


Other  organs  are  also  being  examined,  but  no  results 
are  yet  available. 

VISUAL  LIGHT  PHENOMENON 

Observations  of  the  li^t  flash  phenomenon  con- 
tinued during  the  Apollo  17  mission.  As  on  Apollo 
16,  the  ApoUo  li^t  flash  moving  emulsion  detector 
was  worn  by  one  crewman  for  a 1-hr  observing 
session  during  translunar  coast.  No  results  are  yet 
available  on  the  time  history  of  tracks  in  these 
emulsions.  When  available,  these  data  should  define 
the  particles  responsible  for  the  light  flashes. 

Some  statistical  data  are  available  now  on  observa- 
tions made  during  the  last  four  Apollo  missions.  In 
particular,  two  items  stand  out.  First,  a relatively  long 
period  of  time  is  required  before  the  perception  of 
the  flrst  event  compared  to  the  time  between  events 
thereafter.  This  fact  would  indicate  that  dark  adapta- 
tion is  involved  and  that  the  events  occur  in  the  eye. 
Second,  the  length  of  time  before  the  observation  of 
the  first  event  was  longer  during  transearth  coast  than 
during  translunar  coast;  also,  the  rate  of  observed 
events,  after  the  first  one,  was  lower  during  transearth 
coast  than  during  translunar  coast.  The  cause  of  the 
greatly  reduced  ability  to  see  the  light  flashes  during 
transearth  coast  as  opposed  ^o  translunar  coast  is  not 
clear. 

ORBITAL  GEOLOGY 

More  than  a score  of  individual  investigations  of 
surface  and  spatial  features  have  been  performed  so 
far  based  on  the  Apollo  17  crew  orbital  observations 
and  panoramic  and  metric  camera  photographs.  The 
scope  of  these  investigations  ranges  from  studies  of 
the  structure  of  individual  craters  to  studies  of  the 
sequences  of  mare  stratigraphy  and  mare  ridges  to 
studies  of  the  solar  corona  and  zodiacal  light. 
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The  Mariner  9 mission  revealed  Mars  to  be  a much  more  diverse  planet  geologically  than  had 
been  anticipated.  Unlike  the  Earth  and  the  Moon,  the  planet  preserves  on  its  surface  a seemingly 
continuous  record  of  dynamic  activity  from  the  late  stages  of  accretion  to  the  present  day.  Large 
volcanoes  of  widely  dinercnt  ages  and  extensive  fracture  systems  attest  to  a long  history  of  internal 
activity  while  the  preservation  of  iaige  areas  of  primitive  densely  cratered  terrain  indicates  that 
crustal  mobUity  and  erosional  processes  have  been  far  less  effective  than  on  Earth  in  destroying  the 
early  record.  Perhaps  the  greatest  surprise  of  Mariner  9 was  the  discovery  of  fluvial-like  features. 
Since  liquid  water  is  unstable  under  present  conditions  at  the  Martian  surface,  the  presence  of  the 
channels  indicates  either  an  origin  other  than  aqueous  or  climatic  conditions  in  the  past  that  were 
quite  different  from  those  that  presently  prevail.  The  great  canyons  and  numerous  cliff-like  features 
suggestive  of  active  erosion  were  also  surprises,  as  were  the  widespread  layered  deposits  at  the  poles. 
The  signiflcance  of  these  unexpected  results  is  still  far  from  understood,  and  the  planet  remains  a 
fertile  fleld  for  speculation. 

The  surface  of  Mars  can  be  divided  into  two  hemispheres:  one  exhibiting  nearly  all  the 
primitive  cratered  terrain;  the  other,  nearly  all  the  young  shkid  volcanoes  and  volcanic  plains.  The 
division  is  not  exclusive  but  generally  holds.  At  the  boundary  between  the  two  hemispheres,  the 
primitive  cratered  terrain  appears  dissected  and  broken  into  numerous  buttes  and  mesas.  At  greater 
distances  from  the  boundary  into  the  young  plains,  the  mesas  become  smaller  and  more  dispersed 
until  Anally  none  remain.  Althou^  the  present  boundary  appears  to  be  the  product  of  erosion,  it 
may  have  resulted  initially  from  early  fractionation  of  the  crust. 

The  large,  young  shield  volcanoes  are  concentrated  into  two  regions,  Tharsis  and  Elysium.  The 
Tharsis  shields  are  enormous  by  terrestrial  standards,  Olympus  Mons  being  23  km  above  the  sur- 
rounding plains.  The  large  size  compared  to  terrestrial  counterparts  is  believed  to  resuU  from  an 
absence  of  crustal  plate  motion  and  the  great  depth  of  magma  origin.  Lines  of  strato  volcanoes  are 
absent  on  Mars,  but  since  on  Earth  these  are  generally  located  above  subduction  zones,  their 
absence  on  Mars  is  not  surprising.  The  NE-SW  alignment  of  the  Tharsis  shield  may  be  related  to  a 
general  updoming  of  the  Tharsis  region.  The  dome,  approximately  4000  km  across  and  7 km  high  at 
the  summit,  is  at  the  center  of  a vast  fracture  system  that  encompasses  almost  half  the  planet.  The 
fractures  are  crudely  radial  to  the  Tharsis  region  and  appear  to  have  formed  before  the  onset  of  the 
main  shield  building  period  in  Tharsis.  Shield  volcanoes  older  than  the  fracture  system  do  occur  but 
do  not  achieve  heights  comparable  to  the  shields  that  post-date  the  fractures.  Although  the  shield 
volcanoes  are  the  most  spectacular  examples  of  volcanism,  the  plains  may  be  more  significant 
volumetrically.  On  high-resolution  frames  of  the  plains,  long  subdued  lobate  scarps  are  common. 
They  resemble  those  found  on  the  lunar  maria  and  are  widely  interpreted  as  flow  fronts.  Older 
plains  units  that  occur  in  the  intercrater  areas  of  the  primitive  cratered  terrain,  also  may  be  volcanic 
in  origin,  but  because  they  lack  the  characteristic  flow  features,  their  origin  is  much  more  ii  icertain. 
Less  ambiguous  examples  of  volcanistr  in  the  primitive  cratered  terrain  are  subdued,  heavily 
cratered  shield-like  structures. 


page 


liOT 


PILMED 


459 


The  large  canyon  of  Mars  (Valles  Mahneris)  is  aligned  along  the  direction  of  the  Tharsis 
fractures;  thus,  its  orientation  appears  to  be  fracture  controlled.  It  is  not,  however,  purely  tectonic 
in  origin;  secondary  processes  such  as  aeolian  and  fluvial  action  almost  have  certainly  contributed  to 
its  present  dimensions.  At  the  eastern  end  of  the  canyon  (downslope)  are  wide  areas  of  chaotic 
terrain.  The  surface  has  been  broken  into  numerous  blocks  by  seemingly  randomly  oriented  frac- 
tures, and  each  fractured  area  has  subsided  1-2  km  as  though  support  had  been  withdrawn  from 
beneath.  Issuing  from  the  chaotic  region  are  the  largest  channels  on  Mars.  By  comparison  with 
terrestrial  periglacial  flood  features,  these  channels  have  been  attributed  to  massive  release  of 
subsurface  water.  Large  channels  occur  elsewhere  particularly  in  the  primitive  cratered  terrain.  Their 
wide  spacing  and  absence  of  distributary  systems  with  dimensions  comparable  to  the  size  of  the 
main  channels  make  origin  by  surface  runoff  of  rainfall  unlikely.  However,  myriads  of  fine  channels 
throughout  the  equatorial  region  argue  for  an  atmospheric  origin  for  water. 

The  polar  regions  are  quite  unlike  the  rest  of  the  planet.  The  caps,  composed  mostly  of  CO2 , 
advance  and  recede  with  the  seasons.  As  the  caps  recede  in  the  spring,  they  uncover  a series  of 
distinctively  polar  deposits.  Because  the  imagery  is  duflcult  to  interpret,  there  is  considerable 
uncertainty  about  the  geometric  relations,  but  the  following  general  picture  has  emerged.  Sitting 
unconformably  on  the  underlying  nonpolar  materials  are  the  “etch-pitted  deposits”  whose  surface  is 
smooth  and  level  except  for  irregularly  shaped  pits  and  craters.  In  most  places,  the  etch-pitted 
terrain  is  overlain  by  laminated  deposits  whose  surface  is  smooth  and  crater  free.  The  fine  layering 
of  the  laminated  deposits  are  exposed  mainly  at  their  equatorward  edge.  Overlying  the  laminated 
deposits  is  the  present  emphemeral  cap.  Both  the  laminated  and  the  etch-fritted  deposits  have  been 
interpreted  as  a residuum  of  less  volatile  components  of  the  cap,  mixed  with  aeolian  debris.  The 
layering  may  preserve  a record  of  past  climatic  changes. 
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A geologic  map  of  Mars  has  been  constmcted  largely  on  the  basis  of  photographic  evidence. 
Four  classes  of  units  are  recognized:  (1)  primitive  cratered  terrain,  (2)  sparsely  cratered  volcanic 
eolian  plaia<^,  (3)  circular  radially  symmetric  volcanic  coastructs  such  as  shield  volcanoes,  domes, 
and  craters,  and  (4)  tectonic  erosional  units  such  as  chaotic  and  channel  deposits,  Grabens  are  the 
main  structural  features;  compressional  and  strike  slip  features  are  almost  completely  absent. 
Most  grabens  are  part  of  a set  radial  to  the  main  volcanic  area,  Tharsis. 


A generalized  geologic  map  of  Mars  has  been 
constructed  largely  on  the  basis  of  differences  in 
the  topography  of  the  surface.  The  success  with 
which  the  geology  can  be  deduced  from  surface 
topography  depends  on  how  distinctively  ihe 
original  toprjgraphy  of  a feature  reflects  its 
mode  of  origin  and  the  extent  to  which  subse- 
quent modification  can  be  recognized  and 
assessed.  We  are  fortunate  in  having  a number  of 
topographic  features  on  Mars  whose  forms  are 
highly  diagnostic  of  their  origin.  Of  particular 
note  are  the  .shield  volcanoes  and  lava  plains.  In 
some  areas  the  original  features  have  been 
considerably  modified  by  subsequent  erosional 
and  tectonic  processes.  These  have  not,  however, 
resulted  in  homogenization  of  the  planet’s 
surface  but  rather  have  emjdiasized  its  variegated 
character  by  leaving  a characteristic  imprint  in 
specific  areas.  The  topography  of  the  planet 
therefore  lends  itself  well  to  remote  geologic 
interpretation. 

The  map  (Figure  1)  is  an  outgrowth  of  an 
earlier  version  of  the  equatorial  belt  [McCauley 
et  al.y  1972).  The  techniques  and  conventions 
used  are  similar  to  those  used  for  the  moon  and 
have  been  fully  described  elsewhere  [Wilhelms, 
1972].  The  surface  has  been  divided  into  several 
units,  each  of  which  has  a specific  range  of 
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topographic  characteristics.  In  the  map  explana- 
tion (Figure  2)  the  units  are  arranged  according 
to  their  age  as  inferred  from  superposition  and 
transection  relations,  crater  counts,  and  so  forth. 
The  map  also  provides  a generalized  indication 
of  tectonic  deformation.  Most  of  the  units 
represent  materials  of  a specific  origin  deposited 
within  a restricted  period  of  time.  Other  units, 
such  as  the  chaotic  and  knobby  materials,  are 
not  strictly  geologic  deposits  but  are  modifica- 
tions of  preexisting  materials.  The  modifications, 
however,  have  been  so  drastic  as  to,  in  effect, 
create  new  geologic  units,  and  they  are  mapped 
as  such. 

For  this  early  version  of  the  map,  data  from 
the  various  spectral  instruments  have  been 
largely  ignored  because  of  the  difficulty  in 
obtaining  the  data  in  a form  readily  correlatable 
with  the  visual  image.  However,  w’c  would  not 
expect  that,  at  the  scale  at  which  the  map  is 
depicted  hole,  the  spectral  data  would  signif- 
icantl>  affect  delineation  of  the  various  units. 
The  scale  was  dictated  by  journal  format  and 
shou!  1 not  be  taken  as  indicative  of  a present 
level  of  knowledge.  The  map  is  a very  coarse 
ge.UM  ilization  of  the  information  available.  A 
more  detailed  map  that  will  do  justice  to  the 
wealth  of  information  in  the  Mariner  j)hotog- 
raphy  will  be  published  in  the  not  too  distant 
future. 
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AGE  REUTIONS 


STRUCTURAL  SYMBOLS 


j ^ 

FAULTS,  BAR  AND  BALL  ON  OOWNTHROWN  SIDE. 


GRABEN,  WHERE  FAULTS  MAPPED  SEPARATELY,  BALL  ON 
DOWNTHROWN  BLOCK.  WHERE  GRABEN  IS  NARROW, 
SHOWN  BY  SINGLE  IV  IE  AND  BALL, 


ROUNDED  ESCARPMENT.  CARET  POINTS  DOWNHILL. 


LOW  RIDGE,  RESEMBLING  THOSE  ON  LUNAI^  MARIA 


LINEAMENT 
LIST  OF  UNITS 


ch  CHANNEL  DEPOSITS 
y CANYON  DEPOSITS 
h CHAOTIC  DEPOSITS 
Ic  KNOBBY  DEPOSITS 
gc  GROOVED  TERRAIN  MATERIAL,  COARSf 
gf  GROOVED  TERRAIN  MATERIAL,  FINE 
V VOLCANIC  DEPOSITS 


ps  SPARSELY  CRATERED  PLAINS 
pm  MODERATELY  CRATERED  PLAIN 
pc  HEAVILY  CRATERED  PLAINS 
pp  MOTTLED  CRATERED  PLAIN 
m MOUNTAINOUS  DEPOSITS 
cm  CRATERED  DEPOSITS,  MmNTLED 
cu  CRATERED  DEPOSITS,  UNDIVIDED 


Fig.  2.  Age  ion8  and  explanat  ions  of  map  symbols. 


DEi,^.iiPTiox  OF  Units 
Densely  Cratered  Units 

Densely  cratered  terrain  covers  ai)proximately 
one  half  of  the  planet's  surlace,  inehiding  mo.-t  of 
the  central  and  southern  parts  of  the  map  and  the 
south  polar  regions.  The  cratered  area  was 
photographed  by  Mariner  4,  6,  and  7 in  1904 
and  1969  and  ha.s  been  described  in  detail 
(.1/urrai^  et  al.,  1971).  The  surface  is  rJmost 
saturated  with  large  (>20  km)  flat-floored 
craters;  the  density  of  smaller  craters,  which  arc 
mostly  bowl  shaped,  fulls  short  of  .saturatif>n  by  a 
factor  of  10.  Several  lanre  ring  structures  re- 
sembling lunar  basins  occur  within  the  densely 
cratered  terrain  IWilhebhSf  1973].  The  charatter 


of  the  cratered  terrain  varies  both  locally  and  on 
tt  regional  scale.  Around  the  large  impact  basins, 
positive  relief  features  are  inoix'  common  than 
elsewhere,  providing  the  basis  for  discriminating 
a mountainous  uni  (m).  In  other  areas  the 
cratered  terrain  appears  to  be  partly  mantled, 
so  that  fewer  intermediate  and  small  (<20  km) 
craters  are  present  and  the  larger  craters  appear 
subdued.  A unit  termed  Vratered  deposits, 
mantled'  (cm)  has  therefore  been  designated;  the 
rest  of  the  densely  emtered  dei>osits  are  left 
undivided  (cu). 

Cratered  deposits^  undivided  (r«).  This  unit 
forms  the  primitive  accretionary  surface  of  the 
planet.  It  occurs  primarily  in  the  southern 
mid  latitudes  but  extern  Is  to  40®  N around  the 
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330^W  meridian.  Isolated  areas  occur  in  the 
volcanic  province.  The  unit  is  saturated  with 
larg(  flat-floored  commonly  rimless  craters. 
Intercrater  areas  are  flat  and  featureless  except 
for  scattered  small  bowl-shaped  craters.  Locally 
they  may  be  partly  covered  by  younger  deposits, 
so  that  the  topography  has  a muted  appearance. 
Ridges,  resembling  those  on  the  lunar  maria, 
occ^T  in  some  of  the  muted  areas.  The  unit 
probably  consists  mostly  of  reworked  impact 
breccias  but  locally  includes  younger  volcanic 
and  eolian  deposits. 

r tered  depositSy  mantied  (cm).  This  unit  is 
mapped  only  where  extensive  areas  appear 
mantled.  Fewer  intermediate  and  small  craters 
(<20  km)  occur  than  in  unit  cu.  The  unit  occurs 
primarily  in  high  southern  latitudes  and  is 
interpreted  as  cratered  deposits  mantled  by 
various  thicknesses  of  younger  material.  Lobate 
flow  fronts  indicate  volcai  *c  materials  in  some 
areas,  but  the  mantling  material  almost  certainly 
includes  significant  portions  of  eolian  debris. 

M(nm(ainou8  depoints  (m).  This  unit  forms 
the  rugged  parts  of  the  rims  of  the  three  largest 
recognized  impact  basins,  Argyre,  Libya,  and 
Hellas.  Argyre  (50®S,  43®W)  is  suiTounded  by 
rugged  terrain  cut  by  graben.  The  Libya  basin 
(15®N,  270®W)  rim  is  preserved  as  a distinct 
mountainous  unit  only  at  the  south  side  of  the 
basin.  The  Hellas  (46®S,  295®W)  rim  is  «ubdued. 
Mountainous  terrain  with  relief  comparable  to 
Argyre  is  preserved  only  in  isolated  areas, 
particularly  to  the  east  where  there  is  a complex 
array  of  isolated  mountains.  The  mountainous 
unit  is  interpreted  as  remnants  of  parts  of  the 
primitive  crust  uplifted  during  the  formation  of 
the  impact  basins.  Remnants  of  basin  ejecta  are 
also  included. 

Plaim^Forming  Materials 

Plains,  showing  various  degrees  of  cratering, 
occur  over  most  of  the  planet  not  covered  by  the 
densely  cratered  units.  The  plains-forming 
materials  are  thought  to  be  largely  volcanic  and 
eolian  in  origin.  T!i-^y  have  been  divided  into 
three  units  on  the  basis  of  the  number  and 
character  of  the  superimposed  craters. 

Heainly  cratered  plains  materials  {pc).  This 
unit  is  the  most  heavily  cratered  of  the  plains 
units  but  has  fewer  large  craters  than  the 
densely  cratered  units  described.  K is  equivalent 
to  unit  me  of  McCauley  ei  at.  [1972]  and  occurs 


mainly  in  the  areas  north  and  south  of  Lunae 
Palus  and  in  iiesperia.  Ridges  resembling  those 
Oh  the  lunar  maria  are  common.  This  material 
is  interpreted  as  old  lava  plains  similar  to  the 
lunar  maria.  (Small  areas  of  material  similar  to 
this  are  present  widely  ibroughout  the  densely 
cratered  area;  they  are  not  mapped  because  of 
scale  limitations.) 

Moderately  cratered  plains  materials  (pm). 
Tliis  unit  has  fewer  craters  in  the  size  range 
2-20  km  than  vnit  pc  but  more  than  unit  ps 
[Carr,  1973].  It  occurs  in  Elysium  ar>und  the 
major  shield  volcanoes,  in  the  Arcadia-Tharsis 
region,  where  it  is  exposed  mainly  as  islands 
surrounded  by  unit  ps,  and  in  the  region  of 
Phoenicus  Lacus.  In  the  Arcadia-Tharsis  region 
the  unit  is  almost  everywhere  intensi  iy  fractured. 
It  is  interpreted  as  volcanic  lava  plains  inter- 
mediate in  age  between  units  ps  and  pc. 

Sparsely  cratered  plains  n Uerials  (ps).  This 
unit  occurs  mainly  in  the  Amazonis-Tharsis 
region  and  in  the  large  impact  basins  in  the 
densely  cratered  province.  Unit  ps  is  the  least 
cratered  and  presumably  the  youngest  of  the 
plains  units.  At  wide-angle  resolution  it  is 
relatively  featureless,  except  in  places  close  to  its 
contact  with  the  densely  cratered  terrain,  where 
indistinct  ridges  and  low  rounded  hills  are 
common.  At  narrow-angle  resolution  irregular 
lobate  scarps  suggestive  of  flow  fronts  are 
common,  especially  in  the  Tharsis  region.  Low 
hills,  islands  of  highly  fractured  t.  ain,  sinuous 
channels,  and  polygonal  fractures  occur  in  other 
areas.  More  rarely,  the  narrow-angle  pictures 
are  featureless.  In  the  Tharsis  region  the  plains 
appear  to  be  composed  mainly  of  volcan  .ows, 
since  lobate  flows  are  detectable  on  nearly  all 
narrow-angle  pictures.  In  the  Amazonis  region 
and  in  the  large  impact  basins,  Argyre,  Helhs, 
and  Libya,  volcanic  features  are  rare,  and  the 
eolian  component  probably  dominates.  The  unit 
embays  all  other  units,  confirming  the  young  age 
inferred  from  the  crater  counts. 

Mottled  cratered  plains  materials  ipp).  This 
unit  occurs  only  at  high  northern  latitude^:  where 
it  forms  an  annulas  around  the  pole.  The  density 
of  large  (>20  km)  crateir  comparable  to  that 
of  unit  pc,  but  the  den.sity  of  smaller  craters  is 
substantially  low.^r.  Large  craters  ar«>  subdued 
and  apparent  mainly  because  of  an  albedo 
contrast  between  the  light  crater  floors  and  the 
dark  surrounding  materials.  11k  ^ocal  albedo 
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contrasts  give  the  unit  a mottled  ai>|)eamnce. 
The  albedo  of  the  unit  as  a whole  Ls  lower  than 
that  of  unit  ps,  with  which  it  is  generally  in 
contact  to  the  south.  It  is  interi>reted  as  cratered 
plains  material  (pc)  overlain  by  a mantle  of 
eolian  debris. 

Volcank  Vnii^i 

Included  under  this  heading  are  all  volcanic 
units  i4.-sociated  with  rmi  ircular  volcanic 
structures,  as  distinct  from  me  extensive  plains 
units.  Because  of  limitations  of  scale,  only  two 
categories  are  depicted:  a general  unit  v and 
another  unit  consisting  of  two  facies  (gc  and  g0> 
xhich  form  some  very  distinctive  terrain  around 
Nix  Olympica. 

Voicank  materials  (r).  This  unit  includes 
materials  associated  with  shield  volcanoes, 
volcanic  domes,  and  volcanic  craters  (units  vs, 
vd,  and  vc  of  McCauley  et  al,  (1972)).  Most  of 
these  features  are  circular  and  radially  sym* 
metric  and  have  a central  crater  and  gently 
sloping  flanks.  They  occur  primarily  outside  the 
densely  cratered  region,  although  two  features 
within  the  densely  cratered  province  are  indicated 
on  the  map.  The  volcanic  d<  |)osits  have  a wide 
range  of  ages.  Those  associated  with  Nix  Olym- 
pica are  relatively  young  [Hartmann^  1973):  those 
vithin  the  cralered  province  are  relatively  old 
[Carr,  1973). 

Grooved  terrain  maffrials  {gf  and  gc).  Two 
facies  of  grooved  lerrain  are  rectignised:  a unit 
gc  with  a coaioC  surface  to])ography  that  occurs 
close  to  Nix  Olympica  and  a unit  gf  with  a finer 
surface  texture  that  occurs  farther  away.  The 
coarse  unit  gc  is  characteriacd  by  linear  moun- 
tains 1-5  km  wide  and  typically  100  km  long. 
The  mountaiiis  are  commonly  sej)a rated  by 
valleys  that  have  flat  floors  with  a fine  striation 
parallel  to  the  length  of  the  valleys.  The  unit 
apt>ears  to  be  broken  into  blocks  along  arcuate 
faults  that  tilt  the  blocks  gently  inwr.rd  toward 
Nix  Olympica.  The  fine-textun-d  unit  gf  is 
characterised  by  closely  sjiaced  equidimensional 
mountains  whose  horizontal  and  vertical  dimen- 
sions decrease  outward  from  Nix  Olympica  until 
the  mountains  merge  with  the  surrounding  plains. 
Both  units  are  complex  embayed  by  the  sur- 
rounding plains  deposits. 

The  grooved  terrain  deposits  may  represent 
old  volcanic  materials  derived  from  the  Nix 
Olympica  cciiter  and  since  complexly  fractured 


by  ihe  continual  tectonic  activity  assreiated  with 
the  forinatioii  of  the  central  shield.  An  alternative 
hytmthesis  is  that  the  grooved  terrain  re|>resents 
the  outer  rer.::iants  of  a once  much  larger  Nix 
Olympica  that  has  been  reduced  in  size  by 
ichatever  process  has  formed  the  bounding  scar|> 

Other  Units 

In  several  areas  erosional  and  tectonic  pro- 
cesses have  resulted  in  the  formation  ot  distinc- 
tive geologic  units.  Four  categories  have  been 
identified. 

Channel  depostls  {ck).  These  have  all  the 
characteristics  of  terrestrial  stream  de])osits. 
They  occur  in  long,  linear,  sometimes  sinuous 
channels  that  commonly  have  well-developed 
trib'itaries.  Narrow<angle  pictures  show  terraces, 
bars,  finely  braided  networks  of  channels,  and 
superimposed  meanders.  The  most  prominent 
channels  head  in  the  area  of  chaotic  terrain 
around  2^N,  30°W  and  run  northwest  to  the 
Chiyse  basin.  Most,  but  not  all,  other  channeb 
occur  in  the  densely  cratered  terrain  near  its 
contact  with  the  plains.  The  unit  is  intenneted 
as  materials  deposited  by  a fluid,  presumably 
water  [Mtitan,  1973). 

Canyon  deposits  (^).  This  unit  includes 
materials  that  are  ex|)osed  on  the  floor  of  the 
major  rift  system  that  extends  4000  km  across 
the  surface  close  to  the  equator  between  and 
100®W.  The  talus  on  the  canyon  walls  is  excluded. 
In  most  pla?es  the  floor  apiiears  smooth,  but 
locally  jumbled  blocks  are  present.  At  the  eastern 
end  of  the  canyon  the  unit  merges  with  the 
chaotic  terrain.  At  the  western  end  the  unit  is 
pinched  out  as  the  canyon  grades  into  a zone  of 
brandling  troughs. 

Cha^dic  deposits  {h),  C!%aotic  deiiosits  have 
been  described  in  detail  previously  [Sharp  et  al., 
1971).  The  surface  of  the  unit  Is  crossed  by 
numerous  intersecting  cracics  that  break  the 
surface  into  blocks  that,  have  a wide  range  of 
sizes  and  that  may  be  tilted  slightly  in  diF  'ent 
directions.  The  chaotic  deposits  normally  ok  or 
in  locally  lowr  areas,  occasionally  in  completely 
closed  basins.  The  outcrop  areas  are  usually 
surrounded  by  an  inward-facing  scarp.  The  main 
area  of  occurrence  Is  a broad  region  around  5^ 
latitude,  35^W  longitude.  The  origin  of  the  unit  is 
obscure.  Some  process  of  sapping  from  below  and 
subsequent  collaiise  is  requir^Hl, 

Knoblfy  deposits  (k).  The  unit  is  characterized 
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by  inejiukir  n>iiiu1e<t  Kills  aiul  intervening  plains. 
The  hills  an‘  all  sites,  from  several  huiulreil 
kilometers  down  to  the  limit  of  resolution 
(<  1 km).  The  unit  occurs  mostly  in  a tone  up  to 
500  km  wide  between  the  crateretl  terrain  and 
the  plains  units.  In  generaK  the  indivkiual  hills 
are  larger  and  liave  more  rectilineal  outlines  and 
flatter  to|is  closer  to  the  cratered  terrain.  Farther 
from  the  cratered  terrain  they  become  rounded 
and  smaller  in  both  honioutal  and  vertical  dimen- 
sions until  they  merge  w'itli  the  surrounding 
plain.  The  unit  includes  the  unit  kt  of  MrCauiey 
et  qI.  (1972]  and  the  fretted  terrain  of  Sharp  |1973). 

Structural  Fl.atures 

Mars  is  charr  cterised  by  an  abuiulance,  if  not 
a great  varwt\%  of  structural  features.  The  most 
common  are  graben,  typically  1-5  km  w kie.  They 
may  occur  as  closely  s|»ccd  |>ara.lel  arrays,  as  in 
the  Arcadia  region,  or  as  i olated  fractures 
several  thousand  kikmieters  long,  as  in  the  Mare 
Sirenum  region.  The  distribution  of  graben  Is 
markedly  nonuniform.  Most  grabetis  are  |)art  of 
a system  of  faults  approximately  radial  ti>  the 
Tharsls  rklge.  The  wrestern  part  of  the  Coprates 
canyon  also  ap|iears  to  lie  |iart  of  this  >et.  Tlie 
focal  |K>int  of  this  vast  system  cf  fractures  is 
Phoenicus  Lacus  area,  which  is  also  the  higtf^t 
part  of  the  ridge.  The  itatieni  ap|>ears  to  have 
formed  as  a result  of  the  extension  associated 
with  the  bnKid  domical  i plift  of  the  Tharsis 
regkm. 

Elsewhere  fractures  occur  concciitric  and  radial 
to  the  large  imiiact  basin  of  the  densely  cratered 
province  [Wilhelms,  1973).  Fractures  also  occur 
locally  around  the  large  shield  volcanoes  [Carr, 
1973]  and  at  and  parallel  to  the  margin  of  the 


densely  cratercil  terrain  to  fonn  the  kiiol>by  and 
fretteti  terrains  [Sharp^  1973). 

Mare  ridges  are  the  other  common  structural 
feature.  They  occur  primarily  on  the  most 
lieavily  cratered  plains  unit  (|mt).  West  of  the 
Tharsis  ridge  they  are  aligned  along  directions 
concentric  with  the  center  of  the  Tharsis  ridge* 

AcktiOwU'ilymvn/ . Pi«blit*atkm  authorized  by  the 
Director,  U.S.  Cicuiogtcal  Survey. 
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An  Overview  of  Geological  R^ilts  frcnn  Mariner  9 

Habold  Masvbsky 

VJS,  Geological  Surve\f,  FlagstaS,  Arizona  ^QOi 

Mariner  9 actiuired  pictures  of  all  of  Mars  at  a resolution  of  1-3  km;  1-2%  of  the  planet 
is  covered  by  pictures  of  100-  to  ^)0-meter  resolution.  From  these  data,  pretiminaiy*  llSjOOO.- 
000  scale  pho*omosaics  have  been  made  of  the  entire  planet,  tnd  a 1:25,0004)00  scale  shaded 
relief  map  t>ublished,  Geolo^  mtpe  of  the  planet  have  also  been  made  at  a variety  of  scales. 
The  more  than  7300  pictures  actjuired  indicate  that  Mars  is  more  varied  and  dynamic  than 
previously  inferred.  About  one  half  of  the  surface  consists  of  ancient  cratered  terrain;  the 
largest  circular  feature.  Hellas,  is  almost  twice  the  site  of  the  largest  basin  on  the  moon, 
Imbrium.  The  remainder  of  the  surface  is  covered  rither  by  younger  volcanic  rocks  and  c<m- 
structs  that  stand  as  muck  as  17  km  above  the  mean  level  or  by  extensive  tracts  of  plains 
deposits,  some  of  which  are  sedimentary  in  origin.  The  volcanic  piles  with  summit  calderas 
have  fresh  flank  flows  and  appear  to  be  geologically  young.  great  equatorial  chasm 
or  canyon  system,  comparable  in  size  to  the  East  African  rift  valley  s>*stem.  terminates  in 
a I'omplexly  faulted  plateau  to  the  west  and  in  large  patches  of  ciiaotic  terrain  on  the  east. 
Large  fluvial  channels  originate  in  this  chaotic  terrain  possibly  by  melting  of  permafrost 
and  appear  to  flow  northward  into  the  Chiyse  region.  Other  lar^  sinuous  channels  with 
many  tributaries  have  no  such  obvious  source  areas  and  many  small  dendritic  channel  net- 
works abound  in  the  equatorial  regions  and  imply  possible  collection  of  rainfall.  In  addi- 
tion. many  small  la\a  channels  with  distinctive  characteristics  are  present  like  those  on  the 
moon  and  earth.  Many  of  the  basin  floors  are  underlain  by  lava  flows  inferred  to  be  basaltic 
from  the  form  of  the  flows,  ridges,  and  domes  that  characterize  their  surface.  The  polar 
regions  are  covered  by  glacio-eolian  layered  sediments  that  appear  to  be  still  forming 
under  the  presc^nt  climatic  regime.  Older,  layered,  somewhat  different  deposits  are  being 
eroded  into  large  pits  and  troughs  around  the  margins  of  the  poles.  A mantle  of  eolian  debris 
presumably  derived  from  these  eroded  circumpolar  zones  thins  equatorward.  Both  eolian 
erosional  features  such  as  yardangs  and  depositional  features  such  as  dunes  have  been 
identified.  Eolian  erosion  and  deposition  processes  are  currently  active,  as  is  seen  by  nu- 
merous changf^s  in  the  albedo  patterns  that  were  monitored  after  the  clearing  of  the  planet- 
wide dust  storm.  The  largest  planetar>'  scale  differences  in  crustal  style  are  between  the 
southern  highlands,  presumably  underlain  by  less  dense  rocks,  and  the  northern  lowlands 
or  "oceanic'  basins,  underlain  by  more  dense  rocks.  The  greatest  difference  along  the  equator 
is  between  the  high  "continental'  block  of  the  Tharsis  ridge  with  its  volcanoes  aligned  along 
its  margin  and  the  oceanic  floor  of  the  .4mazonis  basin  in  which  the  Nix  Olympica  volcanic 
pile  lies. 


This  paper  provides  a summary  of  Mariner 
9 mission  operations  insofar  as  they  affected 
acquisition  of  geologic  data.  Selected  results 
w'ith  a minimum  of  supporting  eridence  are 
presented  to  give,  as  briefly  as  possible,  the 
geologic  highlights  of  the  mission.  More  detailed 
disc  ...  .ions  of  various  regional  and  topical  prob- 
lems are  given  in  other  papers  by  various  mem- 
bers of  the  telcvi,<ion  team.  Also  included  are 
hyfiotheses  inferred  from  preliminar>’  evidence 
that  will  have  to  await  the  test  of  later  geologic 
mapping  and  detailed  topical  .‘Studies.  These 
hyiM)ehcscs  are  included  to  call  attention  to 
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areas  in  which  potentially  valuable  work  can 
be  performed.  It  should  be  emphasized  that 
many  of  the  observations  and  hypotheses  given 
have  developed  during  discussion.-*  with  many 
of  the  members  of  the  Mariner  9 television 
team.  My  pur|K>se  here  is  to  attempt  a first 
distillation  from  the  enormous  body  of  facts 
and  fhcor>*  generated  by  the  mission  as  a guide 
to  the  other  papers  in  this  issue  and  to  jirescnt 
the  most  salient  geologic  results  that  distinguish 
-Mars  as  a planet  from  both  earth  and  the  moon. 

Mariner  9 was  launched  from  Cape  Kennedy 
on  May  30,  1971,  and  was  in.'«erted  into  Mars 
orbit  on  November  13;  the  spacecraft  continued 
to  take  pictures  and  to  make  measurements 
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until  October  27, 1972.  More  than  54  Idlion  bits 
of  information  were  transmitted  to  earth.  More 
than  7300  pictures  were  taken  of  Mars  and  its 
sateBites;  about  1500  pictures  of  the  planet 
were  obtained  by  the  50-mm  focal  length  wide- 
an^  tdevision  camera,  which  has  a resdution 
of  1-3  km  [cf„  Ma$ursky  et  <rf.,  1970].  A pre- 
liminary map  of  the  entire  surface  of  Mars  at 
a scale  of  1:25,000,000  has  been  made  from  a 
mosaic  of  these  pictures;  a preliminary  shaded 
relief  map,  the  first  detailed  com|dete  map  of 
Mars,  has  been  published  at  the  same  scale 
IVS.  Geologiad  Survey,  1972]. 

The  narrow-angle  camera  (500>mm  focal 
Iragth}  acquired  high-resolution  pictures  (100- 
^ meters)  of  between  1 and  2%  of  the  sur- 
face. Geodesy  pictures  tak^  with  the  wide- 
angle  camera  from  higher  altitudes  cover  most 
of  the  soutl^m  braiisphere.  These  low-resolu- 
tion pictures  (4-9  km)  were  taken  to  provide 
cantrol  pdnts  for  maps  to  be  made  from  the 
high-resolution  lectures.  Thirty  photomosaic 
maps  at  a scale  of  1:5,(M)0,000  have  also  been 
made  for  preliminary  analv’sis  and  [dotting  of 
various  types  of  data;  later  editions,  based  on 
improved  control  and  use  of  enhanced  pictures, 
ba\*e  been  made  [Botaon,  1973] ; final  maps  will 
be  made  over  the  next  several  years. 

Many  pictures  were  taken  to  show  time  ^’ari- 
ations  in  cloud  cover,  pdar  cap  frost,  and  the 
light  and  dark  surface  markings  [So^cm  et  al,, 
1973]  on  the  planet.  The  infrared  interferom- 
eter spectrometer  [Hanel  et  o(.,  1972]  and 
ultravidet  spectrometer  experiments  [Barth  et 
of.,  1972;  Hard  et  d.,  1972],  in  addition  to 
acquiring  the  atmospheric  data,  made  pressure 
measurements  from  which  the  cartographers 
wiO  attmpt  to  compare  integrated  contour 
maps  with  occultation  measurements  [Coin  et 
d.,  1973;  Kliore  et  d.,  1972]  and  earth-based 
radar  [l>cnm^  et  d.,  1971;  Pettengill  et  d., 
1971].  Systematic  geologic  mapping  will  be 
performed  on  the  final  cartographic  products. 
Rectification,  scaling,  and  additional  enhance- 
ment of  pictures  and  their  integration  with 
numerical  results  from  the  other  experiments, 
such  as  gravity  measurements  provided  by  the 
cel^ial  mechanics  experimenters  [LoreU  et  d., 
1973],  will  allow  more  sophisticated  analysis, 
particulariy  of  the  thickness  and  density  of  the 
crust. 

Because  Mars  is  a low-contrast  object,  the 


pictures  must  be  extensivdy  compute  enhanced 
to  bring  out  surface  detail.  Suppression  of 
electronic  noise  in  the  television  subsystem  and 
upgrading  of  enhancrai«it  techniques,  eqpe- 
ciaily  eariy  in  the  mission  when  dust  in  the 
atmosphere  oteeured  the  surface,  allowed  the 
image  detail  to  he  made  visiUe  [Levinthd  et 
d.,  1973]. 

With  the  loss  of  Mariner  8,  the  extensively 
preplanned  different  but  complementary  objec- 
tives established  for  Imth  spacecraft  had  to  be 
int^rated  into  a new  mission  plan  for  Mariner 
9.  Ca  the  arrival  of  Mariner  9 at  Mars,  the 
[^anetwide  dust  storm  that  had  bead  observed 
in  late  September  was  still  raging  [Ceq^en  and 
Martin.  1971],  so  that  this  complex  postlauncfa 
mission  plan  also  had  to  be  alMuidoned.  Recon- 
naissance [uctures  were  takai  until  Jammry  1, 
when  the  dust  storm  subsided  sufiSdently  to 
b^n  mapping  sequences,  along  with  sdeeted 
pictures  taken  for  geodesy,  vaiiabte  features, 
atmosphere,  and  satellite  studies.  This  m<Mle 
continued  with  numerous  successive  mo<fific»- 
tions  brought  on  by  operational  constraints 
until  70%  of  the  [danet  had  beai  mapped. 

After  a period  of  2 months,  during  which  pic- 
tures could  not  be  taken  because  of  solar  occul- 
tation, the  mapping  mission  was  r^umed. 
During  this  period  the  northern  spring  season 
progressed,  and  the  north  polar  hood  disap- 
peared. Two  new  stars  (Arcturus  and  Vega) 
were  used  for  the  first  time  in  any  sjmce  pro- 
gram to  orient  the  spacecraft  into  more  favor- 
able picture-taking  attitudes,  thus  allowing  the 
remaining  30%  of  the  planet  in  the  northern 
hemisphere  to  be  mapped.  Some  candidate 
landing  sites  for  the  Viking  program  in  1976 
[iSoffen  md  Young,  1972]  al^  were  photo- 
graphed. After  another  interruption  of  6 weeks 
during  superior  conjunction  (Mars  and  the 
spacecraft  passed  behind  the  sun),  the  final  ex- 
tended mission  picture  sequences  were  taken  to 
fill  gaps  in  the  photographic  coverage,  to  photo- 
graph areas  of  special  interest,  to  monitor  the 
retreat  of  the  north  polar  cap  [SodcrWotn  et  id., 
1973a],  and  to  study  cloud  formation  over  the 
volcanic  constructs  such  as  Nix  Olympica 
[Leovy  et  al.,  1973]. 

VOLCAMC  FeATVRBS 

The  first  features  that  emerged  through  the 
dust  p«all  that  blanketed  the  planet  were  four 
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(j!lu  r of  Rtrjwis- 

iijjily  Lir^t*  Iw*  al^nisr  TluiTNi>  ridfjo.  TIu* 

MimmiT  uf  AjujIi  fnmi  nirn-n*  olTimHry 

liar ‘I  Iks  uiori-  Hum  IT  km  uIk>vo  Uu^  fUx^t  iif 

f|  'uinxuitis  ft  I tho  wtsK  Tlu;^  (sfrmatt'd 

<‘!r\anim  ditiWiih'K  almo.'-f  (Hjuals  thr  ma^iiiiuim 
rvln4  tm  ('arflK  uludi  fo  i*Jx>iJr  20  km. 

Thr  lava  tiov\>  th:it  nniiaN:  fuim  tho  summit 
rafdrra  nf  ir^outh  ^poT  AW  not  loTijr  and  thin,  as 
:iw  rlunr  uf  \ix  Ohvmjuca,  hm  rather  are  short 
anti  'iMifjKy  f .Va^?ifAv^ rf  aL,  lS72u;  Carr. 
lOTah  This  (iiflfeh  TUT  in  foriu  sri^gests  probable 
thtTerriUTs  in  Mie  rnin|i^)siTion  of  *he  frank  flows. 
Thosr^  of  »*^mfli  .Spot  were  dearly  Jess  fluid  than 
thosi'  tif  Xi\  Olympu  :t  :uid  may  be  maw  silide, 
]iossdily  Miuiesitie  in  mnpt^^dinn.  Sliort,  stubby 
lluws  uf  similar  apiTarance  are  romnvrm  in  the 
iipjKT  pans  of  some  font  mental  volratmes  sacli 
as  Mt.  HooiJam!  Mt.  lEalnier. 

li  is  ptwsible  rhat  variation  in  temperature 
and  Eas  foment,  rather  than  a diff(*renee  in 
original  rninpasiikiiy  miUl  aeeounr  for  these 
diffenuuTs  in  flow  tnorpholoiry.  The  lark  of 


<iiirk  stHifs  visible  in  luKh-altituile  na^tmuais- 
siinfe  pifUires:  These  spots  laier  pnweil  n>  fn* 
jhe  foijr  hishesr  peaks  on  \hv  planet,  eaili  of 
which  snrmonmed  by  a summit  era  ter  uT 
complex  of  craters  I ^!a.yitrskfj  i t fti.^  VJ72n. 
Fipure  1|.  Gradual  atniospljeru  eleani  tv- 
vcahd  first  the  lull  extent  of  tfie  Ereat  vuh  aihe 
[Tile  of  Xh  Olvmpiea*  whiefi  rise<  h\zh  abovr^ 
the  Ainazotus  basin  floor  \McVmdiif  vt  ai. 
1972.  Figure  HI:  Ctu't\  197:^].  (E-timates  of  it^ 
heigjht  by  variou.'  metluuls  of  aftimefry  vary 
from  S to  27  kmJ  This  ^m£fe  videarne  eilitiee 
is  about  :\vice  as  wide  as  tht‘  lar^e.'^t  of  the 
Hawaiian  v-ileanir  [nle>  aiuf  b a f tout  0901 1 iti 
volume  to  the  total  extrusive  mass  of  the 
Hawaiian  Islands  chain.  The  form  of  rlie  flank 
flows  and  ib ' lava  channels  wiili  natural  levees 
is  stnkingly  simibr  to  tht  form  of  those  in 
Hawaii  and  the  Galapagos.  suEeo.^timr  drat  the 
flows  also  may  be  basalt ir  in  romposition.  as 
are  those  on  these  compandde  terrestrial  strur- 
tures  [Simkin  and  Honard.  J970:  Ma^urfik  ji  tt 
at  ^ 1972a]. 


f.obiOf  litva  tlou  front  basin  floor  similar  lo  basalt ir  How 
moon  ^M  rVS4l7H2J0,  DAH  OtW)608.) 
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mters  and  the  morphologitr  of  th(^ 

Uva  flows  indicate  that  the  upper  laym  of 
these  volcanoes  are  relatively  vxuing  geologa- 
ea8\\  whatever  tbeir  compositkui.  The  dis- 
eover>*  of  gedoficolly  \outhful,  latfe  volcanic 
almctures  cleaHy  indicates  that  Mars  has  been 
intmially  active.  These  features  also  provide 
a plausible  source  for  much  of  the  carbon 
dioxide  and  w’&ter  in  the  atmosphere. 

The  Amazonis  basin  floor  is  covered  in  many 
places  by  a succession  of  Mxite-frontcd  flows 
(Figure  la)  that  resemble  terrestrial  bisalt 
flows  and  tlie  basalt  flows  tliat  fill  t)ie  mare 
basins  on  the  moon  (Figures  16  and  If).  Low- 
mare-type  domes  with  summit  craters  resemble 
basahtc  shield  volcanoes  rommon  on  both  the 
earth  and  the  moon.  Domes  of  this  lyjie  are 
scattered  aver  the  basin  floors  in  the  .\maionis 
and  Elysium  regions  [A^cCauley  et  al.,  1972: 
Cwr,  1973], 

In  some  areas  the  pbins  arc  dightJy  uplifted 
and  transected  by  faults.  Some  of  these  dosely 


horsts  and  grabens  are  modifled  and 
often  assume  a strcaiuilned  apiieiirunce  attrib- 
uted to  the  long-term  effects  of  eolian  eroskm 
[McVautey,  1973,  Figures  2o  and  26].  Craters 
are  more  abundant  in  these  structured  temiitts 
than  on  imfaulted  jilains:  the  mt^t  obnous 
of  these  faulted  ureas  foims  a large  aureole 
around  NLx  OiymiHca.  These  rocks  may  repre- 
sent an  earlier  generation  of  lava  Sows  related 
to  ancestral  Xix  Otympica  voleanism  [Carr  et 
of.,  1973], 

AnotbcT  type  of  volcunic  feature  is  exempli- 
fled  in  the  Hc^perb  region  (22*S>  253* W) 
cf  a/.,  1972n],  This  feature  is  char- 
acterized by  a line  of  calderas  in  the  center  of  a 
|i;ittefii  of  circular  and  mdbtitig  faults  and 
channels  vrith  irregularly  distributed  volcanic 
blankets.  This  unusual  feature  lies  within  an 
area  of  plains,  and  no  brge  volcanic  pile  or  con- 
structional ediflee  is  evident  [Carr,  1973].  The 
channels  dosdr  resemble  terrestrial  and  lunar 
lava  channek  Another  example  of  a volcanic 


Fig,  16.  Lunar  Orbiter  5 photogmph  showing  lobate  flow  front  on  the  moon  in  central 
part  of  Imbrium  ba^in.  Similar  flow:j  collcrted  at  the  Ajiollo  15  landing  site  are  baaaltic  in 
composition. 
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T\^.  Ir.  Elonpat^^  flows  in  northom  Of'nnus  Procrllanim  photo(«Taiphfd  by  tho  metric 

ramora  on  Apotb  15. 


fratnrr  ties  in  flu*  Alba  region  (40'^N,  JlO^Wi 
(Figure  2n).  Hw  nn  array  of  faults  rnrirrles 
a large  Hepres<irm  in  the  central  part  of  .1  very 
low  prominence.  This  depression  resembles  a 
cauldron  rather  than  a caldera.  The  morpholng>* 
of  these  fjefK)sits  and  their  relation  to  the  tec- 
tonic fe^^tuFcs  resemble  those  of  terrestrial 
intraeontinental  volcanic  renters  such  as  those 
of  Scotland  \Bnihtj  et  ai,  1D24:  Anderson, 
10-57;  Richru^  1961],  Xnnvay  \Oftrdfjhl,  I960], 
New'  England  and  Africa 

\Korn  ond  Mnrtw,  19541  that  contain  more 
different iat Of!  rocks  of  more  varitable  composi- 
tion than  flood  basalts  and  shield  volcanoes. 
These  terrestrial  volcanic  ceiiters,  when  they 
are  deeply  eroded,  eommjiiify  ilisplay  ring  and 
radial  dikes,  cone  sbcH.s,  and  evidence  of 
ea  I jl  d r n 1 bsit  1 en  re , 

Three  other  types  of  volcanic  features  arc 
well  developed.  The  first  is  typified  by  lines  of 
craters  2--10  km  in  dtameter  along  simetnrrd 
breaks  pa  ml  lei  to  major  grabrns  ^Mrf'aukti 
et  nL,  ifl72,  Figures  25  and  26],  Liiie>  of 


vdennie  vents  sin-h  as  ibe  rnaicrs  along  the 
southwest  rift  ti>  of  Mauna  Lon*  Hawaii 
\MrD**mhl  find  f/nObr^d,  1970],  are  common 
in  terre.<trial  areas  with  a similar  stntcitiral 
pattern.  The  second  tn>r,  which  occurs  in  the 
floors  of  some  ^lartian  craters  (Figure  2&) 
aitmg  fault  zones,  consists  of  polygonal  blocks 
segmenting  what  appear  to  be  frozen  lava  lakes 
in  pit  craters  like  tho'^e  near  the  summit  of 
Kilauca,  Hawaii  Craters  of  iiiis  type  also 
occur  on  the  moon,  where  they  have  been 
called  'turtlebaek*  craters  (Figure  2c),  The 
ihirrl  type  of  volcanic  fcalure  consists  of 
romidex  ridges  tliat  are  commonly  steo|>er  on 
nne  side  (Figures  :]a  and  '5hL  They  occur  in 
an“!s  where  lohatc  flow  fronts  and  broad  low 
tifunes  imply  basalt le  voleanism.  They  resemble 
tlie  lunar  mare  rhlges  that  are  interpreted  as 
faults  alouff  which  basaltic  lava  has  sftnrezed 
upward.  *^imilHar  stiueeznips  are  common  on 
lerrcMrial  ha  sail  flows  Imt  on  0 much  smaller 
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rompli'x  of  fauiJs  MirrountJinp  ihv 
Mjhloji  fi  rn  r'Miul  vol''arsi*'  roniiiji  \i  > ivitli  n nfr:il 
Vl'22-m.  DAS  KJTTUmi:  AJ'FVS  V^22-57 


I'i^,  2^^.  Mn^  ilr  of  vvi4t’*nmilo  plrtno  s j 
voJjiiiiu'  in  \\\t:x  Tty  ion.  Ii  p 

rjtultiron.'^.  <MT’,  S 12214'^  DAS 
DAS  ,S3TlOS11iJ 


of  rn^lor,'  :\hm^  froNiro'  p:irrillc!  In  iho  m:nn 
ni\  vallrv  Tln-r  t lmm  t niit'r.'.  limv- 

inrr*  Inck  nlnioiis  mn  ;illor- 

ll;Mivoly,  rnnlil  I hr  ]-rin]lH^  of  mllnjiiO 
,-urfiri;3l  m:^trn:i]'i  i?Hn  >uh,'Ort;HH'  fl'Hiro.'.  TIlo 
sloop  l.HiT;i]  V'lljt  vs  ir  pl:iof’s  npp<vir  in  lie 
th'[>ns  t'lM'i Minis  fur  Wii'h'ti  rnnhoMik  In 

nfin  r rhniHit  I'  1 fvoro  :n’r  rlns(‘tj  i !o]>ros-int!s  lluit 
frh’iv  fjo  (liynnioil  olivnno  voiit',  1 !jn  uppor 
n:n|ir^  of  i\w  slullmv  >iinnm-  vnllovs  iilnty 
i!vo  'nufln  rn  nuryin  ni  ilir  rilr  vnllry  >ysuiii 
■qipr:!]’  In  nijniiv  innoMtinMnl  proro^sos 
ill  ill  - 3/  1 1 172/^  I . 

Aloiy  oUfD  huTintimii  iIh’  hv^h  plniomp 

l.i\]  rs  :hjs1  flo|Moju  ,no  I xjioM  il  tli;M 

:iliom  pin  Mn-in>  iri  ifiiokj'O'*'  Th<^  n]>poTmi^>l 


Tj:n  n.vin  I 'on  UK 


J^lnpiiur  on'-uv;!nl  from  ihu  Thm>is  rnl^o 
rff>t  i'^  n kif^io  rq3i;tinri:il  pknonii  or  TmIiIoLumI. 
Tlsi>  plnlonn  is  hrokuti  l^y  ihvrv  m I'  of  frnrturo.'i 
trniHinjx  r:ist-xv(  st,  nori  hwo-i,  :uiil  n'irMio;is!. 
Thr  pnuoiiy  of  orno^rs  indionios  i!un  tIm-  rorks 
iHnloHyni]|  Mir  pith  no  nro  yonit!:, 

nm>oir  of  hnili  hkioks,  Dio  ern lions 
holu'f'on  hliirks  oo  do-ro  HMn  lijo  "ro;M  oijiUHnn-d 
omivnn  or  nfr  vriHoy  s>>mui  (Fiiriiro  h,  li  km 
rk'o]i  in  plnro-^  iImii  oxlomD  mImhj'I  oIHIH  km 
itj  iho  o;j>i  I I'liiuro  r>iM,  Sorui'  v<3io:ini>n! 
;i-so['i:irod  With  ilio  mforroil  kmlMoir  ilun 
iniuvitrtl  fiioso  vm:iMMoip;iO  d M,iriKin  .'invi’iuri  ^ 
is  ^U2;:osloil  liy  I ho  pi  ovinu^ly  nn'iiMoiiod  Imt  '- 
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Kig.  2b.  Polygon:illv  iUlmu  oi‘  r n\t  l*y  hnh.  Fillimr  is  iiuVm  ii  to  volr  aiiK'  unii 

rf*s<'mhlc's  Tom^striul  lava  lakrs  havi^  >-oliilitivH.  tMTVS  1171-27.  f)^52258SA 


r \\’i4o-nndr  virw  of  MidfWr^ 
dora.  i MTVS  mUZ.  DAS  3030239  A 


Fi^.  3fj.  Xnrrow*anglc  viow  of  Middlr  Spot 
tlmwinp  raiiiiUinii  fratdurr  ^^hU  nrron>i>anyinp  t^x- 
similar  to  lumir  marf'  ( MT\'S  4006- 


trusivp?: 

SI.  DAS  4402170,) 


v<vm^  tn  ho  ttH'  mo?T  re^i^uuii 
Tfioky  ritii,  Tho  vocki^  may 
ilifv  lie  adjaront  in  tiio  linear  of 

I lid  i>o  tho  fmlrr  vnits.  Ill  idaro:^, 
lod  layor^  :ito  viMhlo  \vithm  Oie 
and  manv  layors  of  lighi  and 


dark  rook-  aro  o\pf»>rd  (Fiinirr  oft).  The  layers 
witliin  Uit'3^p  [ire'mnrd  valley  fill  dopo.-ii^  di>  not 
<oom  to  niatrh  the  more  nhsoiiro  and  thiekrr 
laverin^f  in  ihr  ran  yon  wall^i  ihtw  ihc^^o  moTo 


^ In  9flKa 

JB?  4 nfl 

Lp  tm 

V 

^HfT^  r^3K 

E'  vjl 

1?  ^'‘pB 

E.oHL7I 

JP  iF* 

Fig,  4*  Mosaic  of  Mariner  9 wide-angle  pictures  of  the  rift  valley  B>slem, 


finely  layered  deposits  nnild  represent  earlier 
generations  of  valley  fill  now  being  stripped 
out  by  erosion.  In  many  the  are 
bordered  by  masses  of  debris  that  apparently 
have  slid  into  the  adjacent  lowlands.  In  other 
areas  the  material  retains  its  coherence  and 
descends  in  a series  of  terraces  similar  in  ap- 
pearance to  the  chaotic  terrain  described  in 
pictures  taken  by  Mariner  fi  and  7 
1973;  5Aorp  et  &], 

Channbi  s 

Emerging  from  the  northern  plateau  lamls^ 
a complex  array  of  broad  sinuous  channels 
descends  into  a regionally  depressed  area  {Fig- 
ures 6o  and  66),  As  the  channels  merge  on  the 
border  of  the  flat  low  Chrysc  area,  the  channel 
floors  show  multiple  braided  channels  and 
fit  ream!  jncf]  islands  (Figure  fir)  that  confirm 
the  northward  direction  of  flow  consist ent  with 
the  regional  slope  of  the  surface  dcicTmined 
from  infrared  and  ultra  violet  spectral  data. 

Lying  on  the  level  liigit  plateau  surface  are 
other  channels;  these  are  sinmnis  am]  have 
many  tributaries  \Maftunky  ri  aL,  lfiT2r,  (f: 
MiVfon,  197-3],  Th<^  channels  dcsi-end  to  the 
east  and  norths  becoming  hrrmder  and  more 
clearly  drfined.  The  tributaries  ami  the  form 


of  the  braided  channels  art  unlike  those  of 
terrestrial  and  lunar  volcanic  sinuous  rilles  and 
closely  resemble  terrestrial  intermittent  stream 
channels.  Their  foini  and  degree  of  freshness 
strongly  suggest  flow  of  liquid  water  in  the 
reecnt  geologic  past  of  Mnn?  (Figure  7), 

Some  channHs  originate  in  great  masses  of 
hiunmocky  to  broken  slabby  material  at  the  base 
of  rtiffs  and  may  lie  related  in  origin  to  this 
rhuotic  terrain,  as  was  proposed  by  McCauky 
ef  al.  [1072]  and  ^f(tmtrsky  et  al. 

Sharp  et  d.  { i^Tln]  propoi^d  from  the  Mariner 
fi  and  7 pictures  that  I he  collapse  of  these 
rocks  and  the  formation  of  large-scale  land- 
slides may  be  caused  by  melting  of  permafrost. 
The  more  extensive  photographic  coverage 
lends  to  the  logical  extension  of  the  perma frost 
]irf>posal : that  is*  water  derived  from  the 
inelUngof  the  prrmafrosi  seeped  out  from  under 
the  slirles,  fonuerl  ific  broad  siniums  channel 
and  llmml  into  tht^  northern  lowlands.  The 
rmly  terresirinl  aiialog.^  to  these  enormous 
channels,  which  am  3(t-fiU  km  wide,  arc  the 
Hianiirlrd  srablands  of  the  Columbia  plateau 
ill  the  United  Stales  and  the  sandnr  plains 
(g]-U'iai  outwiislil  of  Iceland,  which  fringe  the 
hiTgi'  glaciers  10731.  In  both  areas, 

great  voimuc'^  of  glacial  melt  water  result  in 


wmh,  hroa^Jrf  aiitl  mnrv  ^*fe^lriy 

t k fiiu ' < I \M  as  nrskif  et  a/  * * 1 1>726 1 . The>^ 
jq>pfirenrly  In'  n dilTerrni  jirw^rjs 

ihati  ihf^  hmui  eh:io>>n*bl<>d  rhanncl^.  Tlmv 
] primary  um\  <H‘oiMlary  irihijtnric.’j,  dcndrilic 
nmi  \iii‘k  ut  iipparrat  .'mjrrc  amts 
Hi  n-ipuff  raiiifa!!  rollt'ricd  info  integrated 
vhunnvl 


^orremml  tluytis  with  aiTomfianyiirg  Ibivii^nh 
ern-^ion  and  dcpfi^inoty 

Two  profKJsal;-  have  \wn  mtnlr  to  awnmi 
for  file  mehing  of  jwmiarrii’it  over  large 
Thi^  fir>t  iiypnihivi?;  that  hral  hearing  lyv 
voleiinif  nrnviiy  would  rindiilize  die  Ihud^:  fhe 
stHvmd  planet wid^i'  heating  :i  r<’^nlr 

of  st^nbr  nr  ryrUenl  ilkmge?  in  iliinale,  A 
elimate  inierglarial  epi-odc  (ameeivafify  eouhl 
meh  the  }termafro^t  in  the  targe 
n*tim  and  ihn^  be  dtr  eau<o  iim  only  of  the 
ehanttc  terra  in  luP  ai^^o  of  ihe  viianneL-i, 

.^nifwhat  differetn,  very  Am\m^  valhyff 
wdth  many  trihmarie^  lie  on  die  Ingh-ievid 
libtenii  surface  in  die  Itaiscna,  Mare  l:>ydi* 
menm,  ami  Memnonm  rrgkms.  Tbr  ehaniieli? 
with  braided  flofirs  de^^vtrul  to  die  ea^t  am! 


with  hodi  jfurface  emf«ion  and 
depo>?inon  in  aHuvial 

Another  \\]n^  of  (dmtiTiel  is  widespread  in  the 
aneierit  eraiored  terrain  such  as  that  near  Sinus 
SalKieu^  3^4® W}.  Complex  networks  of 

tiny  roahorem  diannels  nm  down  the  sides  of 
many  craters.  Their  origin  in  not  imequivoeah 
lap  they  also  reseiiihle  Onvinl  rliannels  and 
inijdy  formatum  of  preeipitation  collertion.  If 
this  origin  i>  twreei,  widespread  rainfall  is 


6 0lim^ 
(197000 


Infornvl  tdevalion  profile  aemss  the  lifl  valley  j^ystem  using  tire^^mr  meaRiremente 
made  by  the  irhravjcdei  SfietPrunifPiT  cl  1973 h 


56.  Light  and  dark  layers  ia  equatorial  cone.  Layers  do  not  match  the  layem  in 
the  adiaernt  walls  of  the  canyon  and  may  be  later  fill  now  being  stripped  by  erosion.  (MTVS 
42824  L I) AS  1049  2589.) 


fluviatile  origin 


characteristics  that  imply 
in  which  water  must  be  the  transport  medium 
(broad  and  sinuous,  narrow  with  braided  floors 
and  tributaries j and  small  and  closely  spaced) 
and  a fourth  variety  with  characteristics  that 
imply  a volcanic  origin  invDl\'in|  molten  lava 
flow- . 

POLAH  Fe^VTUHES 

Monitoring  of  the  polar  regions  allowed  ob- 
servation of  the  rapid  retreat  of  the  frost  cover 
from  its  maximum  extent  of  more  than  50® 
across  when  it  was  photographed  in  1960  to  s 
minimum  of  loss  than  10®  across  in  1972 
fAfaswrsfrj/  ct  al , 1972a r SodtrMom  et  d., 
lOT^tof].  Ancient  rralereif  terrain  extends  from 
north  of  the  equator  ttouthward  to  the  south 
polar  region,  where  it  is  overlapped  by  two 
younger  units  (L.  A.  ^lodrrhloTn,  personal  com- 
munication, 1972)  . The  older  of  these  overlying 
units  is  moderately  era  tend  and  has  many 
closed  depressions  that  appear  to  ha  deflation 
hollows  (Figure  9o).  This  Vtch-pitted'  unit  is 
composes!  of  alternating  resistant  and  nonresis- 


nccessary*  to  feed  the  channels.  The  ocnirrencc 
of  the  channels  in  the  equatorial  lone  8uj;^st»5 
that  only  a slight  lemperatiirc  rise  may  bn 
necessary^  to  produce  liquid  winter  there,  T the 
water  partial  pressure'  were  to  Ik?  raised  a I the 
same  time.  An  'interglaciaP  episode  that  mdted 
the  polar  caps  and  planet  wide  |iermafrost 
should  be  adequate  to  allow  flowing  water  to 
exist,  in  the  equatorial  tone  on  the  surface  of 
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[jieunrs  jihowini;  lirond  sinuous  flumtuds  vn, 
of  tlit*  limlislidr  di  lnis  imii  Rowing  m?rMi  inio  ihr  lowlsiml 


hi^m  di^prcs<^c|  liy  iVirmtTly  J Kinkier  polar  irr,  A 
t]Haii^i^;ilivo  nuasiirr  (jf  !hr  of  this  Ir- 

ffinuMtiun  t'oultl  bi'  an  inilK'nior  of  the  mohiliiy 
ui'  ih<^  Murinsn  subrnist. 

Tho  uiiforfuly  Ijcddod  layors  ijost  oWrvod 
m tlu^  lanun:tti^d  li’rraiii  am  rstimatrri  to  raoRi"" 
fmm  10  to  m thiekm^ss  (L.  A. 

HoOorMoin  ami  .K  A,  ( utts,  porsona]  romtnmii- 
ratiun,  10T2).  TIkti*  am  aboTit  20  layers  in 

f-af  h rtn-<t:ihkr  ridj^n,  ijf  wliirh  ui<w  am  r>-12 

faM'irrltnir  I ho  pejUv  Tlio  imlividiial  thin  tayors 
a Planar  to  ^ yrhral  dopo:>its*  as  tho  p;rfar|js  of 
iava^rs  Hi  it  form  thr  ruijro'i  that  slitmod  m tlio 
MariaiT  IhtiO  ] hit  urns  may  }io  ^ Sharp  ct  n/., 
107I/j|,  '1  hn  aro  1h  iinj  iToihal ; thf  raljrrs 

art’  -mom lily  r<*uiHlrd,  imlikf  fhr  sharji-nlgf^d 
riiliiv-  in  th<*  f'lrli-pMUnd  ami  mitral  pjatt^im 


tajit  rnr-k  layrT-  that  pnalma*  jmmr^nms  lupo- 
crafihir  bniirlir's  and  sio[i('s  a Ions  t^xjioscvl 

Tim  cximsurts  of  farh-piiiod  terrain  jurruimi.- 
tlir  polar  roskni  imlirato  a zmw  uf  hijrh 
wind  Vfdoiity  tfiai  is  sTrij?pmn  tlm  siirfari»  and 
forminn  ilofiathm  Indlmvs.  Thr  HHi-pin#al  unH 
is  nvrrlain  by  I lyiTml  rm-ks  origiiuny  inrim  d 
lha  'hinnnatrd  tarraiii  (Fiipirr  0/n.  Tha  two 
units  of  yount,  layannl  daprsiis  do  iioi  nvorla^ 
ihr  anaiam  tarrain  in  a ])lm alike*  fashion.  AI- 
thonjjli  they  Total  ahrap  ti  km  m lhirkm»'>,  flit' 
raufral  jiarf  lias  ai  a Imvi  r rlavatio?!  ifh-m  tha 
snrnmmliit*'  anaicip  rraP  ri'd  tarrain  aroa  rad  h\ 
kv  al  thr  pola  l//orr/  af  a/,.  1072|.  Tims  than- 
layerrd  forks  orrupy  a -aiiaar-shapad  dapras-ion 
that  dafinr's  a ili-rrala  bu'^in  in  hoUi  fjohir 
n*jjimis.  It  may  ha  tiiat  tha  t^olar  o>aks  ha\r 
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fluviufilf^'-ly^ie  Mdrs  chaukebi. 


:}iOU  *0|t  lllT;  i)i-*r?t'JilMOn  Cii 


ski9  o/*,  1973|.  These  giooves 

ni.iy  h:n  e fomtrd  by  wind  rrosioii  ar  per* 
even  by  0avitil  sc^Hir. 

The  ^o;nh  rin/i  m^rth  regioni  arc  sitmUr 
(Fic»;res  10  and  11  ^ and  apparently  have  a^ted 


reasons,  ruier?  are  paniajiy  r.>v- 

in  noiiv  : they  are  b"iri£ 

rrt^xhnmed  after  b^rml  Tin*  npj«T 
:hf.-e  dqn>>!*-  on  which  the  rvinn:ir,t  \ts^ 

radial  !o  the  pol*'  f Afifxtir- 


arc  gn^>vi' 


an  flank  of  rratcr^  ^'iiArfa  in  crater  and  drs^enda  becoming 
fitivi!\ti!i -tyi>c  rhanm  is  ihnl  «n'W  downiitremn.  (MTV'S  429ft^» 


Fig.  bnva  r 

>nnillcr  in  rnnrn^st 
1M«  1341t60H?U 
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on  sfn*  i*T.  in 

tnjtnpfiod  in 

in 


as  frnjis  thn>v!j;boiii  nnirh  of  M:^t- 

hisTfvry.  SinfiwntaTirrn  in  t]u^^  uro:t>- 
h;n7'  start fni  when  the  ntoleil  onnnEh  to 

initinte  frt>st  amimnlatirm  in  rhi^  |>olar  Te*:ioii. 
Pervasive  w;iul  ernsion  in  the  e^inatfinal  rr- 
(fioR'i  took  phirr;  the-^e  sedmii'iifs  \v^Te  th^-n 
prinripally  in  uni  tb  - 

iwsite<!  info  the  pobr  nxvm^.  Tlie  | Hilar 
de|>osits  may  fhonglit  of  a>  irbirio-f^i^liaiK 
farmefi  when  tfie  (hnt  parltHo'^  aetintr  nnehi 
aroiintl  whirh  the  snow  ervstaN  form  a to  laid 
down  as  hori^ontaf  b>er-.  A -imdar  pmer--* 
takt^  l^aet^  nr  "fli  u}jon  ram.  wjfri,  and  >now 
swtvp  the  atmosphere  eleaij  i^f  ih^r 
Atfernafively,  df'^f emiimr  air  enroni'  m the 
polar  hijcli-pressme  ^one  may  the  ernrap- 


nient  ol  du>t  pameh*:^ 
mnrh  the  same  w ly  a' 
lern^^inal  r e fh*l<i'  an 


Fou.\s  FKATrUEs 

The  ]Ttnttwrle  thist  st<irm  ap|>i'ars  to  have 
lihinkettal  mneh  of  ihe  snrhiee  with  hmhr  Ab 
and  parnrles.  oh^mrmfr  most  of  the 

■ i »rk  markmiis  ?N»rniairv  olwrr\  rd  ♦elesrofnraliy. 
Smee  die  or  ! of  the  storm,  hnshf  maferitl  has 
[lueiiiv  sfnnred  from  fhe  snrfaee  anil  re- 
voaN  die  darker,  pre-mirdilv  rnarse-cri allied, 
mrli  rlrtmr  oirf  oi'  Purme  the  mission  a foeal 
do-T  -mnu  was  idinrived.  and  after  |ia<saije 
E il:Etk  tne  k wa>  visiKle  [ fa  oe^^  rf  e/.,  H**d|. 
dve  tni^sum  pnsixri'ssiHl,  the  ela.ssie  dark  snr- 


crtter&d 


Fig-  LaminntnJ  imain  in  thr  foiith  polar  rrgion  o.rrlnin  by  rr?jjrJini  irr.  It 
with  rout! ^ if: 1 1 rfigr?!  aoji  ryHi^aliy.  Thr  short  ryrb^  romprisr  S-10 

which  make  up  h'dgrji  fhnl  form  ihr  Hnumpolar  frauin^s  CMT\»^  4213-21,  DAS  OSffi 


in  terrestrial  deserts  such  as  the  Mojave 
Desert  in  southern  Califomb,  within  which 
the  Kelso  dune  field  is  a good  analog  fSAarp, 
Adjacent  to  the  etrh-pitted  south  polar 
terrain  is  an  area  of  'riffles/  which  resemble 
longitudinal  or  seif  dunes.  Equal orward,  in 
addiuorit  to  the  dune  fields,  the  mottled  eratered 
|jbrns  and  smooth  plains  are  areas  of  irregular 
to  uniform  eolian  loesslike  deposits  that  indi- 
cate e\et)  lower  wind  velocities.  The  identifica- 
lion  of  dunes  is  significant  because  dunes  indi- 
cate that  saltation  is  operative  on  the  surface 
despite  the  tenuous  atmcM?phere.  With  saltation 
occurring,  numerous  edian  erosion  and  deposi- 
tion features  should  be  expected  at  larger 
scales;  s^ime  of  tf^se  features  are  described  by 
McCauley  [1973]  and  compared  with  pure 
erosion  forms  in  the  coastal  desert  of  Peru 


face  markings  liegan  to  rtH^mergc  as  the  hne- 
gmined  and  brighter  surficial  materials  were 
scoured  and  redeposited  [Sogfln  H o/.,  1973  j. 

Uniformly  distributed  de|>osits  tbit  fringe  the 
polar  regions  and  blanket  the  plains  may  corre- 
spond to  terrestrial  loess  (widepread  deposits 
of  silt  and  clay-sized  particlesl.  Their  redis^ 
tribution  reveals  danc  irregular  markings  and 
light  and  dark  tails  emanatj:^  from  craters  and 
other  toi>ogTaphic  obstacles.  The  light  tails 
appear  10  be  ivind-^!:po.-i;ed  material:  the 
dark  tails  appear  to  be  mostly  wind-scoured 
zones  in  the  Ice  of  various  toiK>graphic  olistades. 
In  other  cases  some  fhirk  streaks  apiJcar  to  he 
dark  deposits. 

In  some  areas  dark  markings  m wide-an^e 
pictures  have  been  resolved  into  sand  dune 
fields  in  the  narrow -angle  pictures  [Catf^  n/id 
SimM,  1973].  This  dune  field,  about  oO  km 
across,  lies  in  the  bottom  of  a mter.  The 
spacing  of  the  crests  of  individual  dunes  is  of 
the  order  of  1-2  km.  In  size  and  shape  this 
feature  is  similar  to  many  dune  fields  and  sand 


Impact  Craters 

Although  impact  craters  are  common  on 
about  one  half  of  the  planet's  surface,  fresh 
craters  with  wcll-uevdoped  ejecta  blankets  are 


Fig.  10.  Mosaic  of  wide-angle  pictures  of  the  south  iJolar  region  showing  the  teTToiii  units 
and  rcf^  tal  cap.  TVte  polar  deposits  stand  higher  and  overlie  the  ancient  continental  cratered 
terrain,  'he  laminated  depos^its  arc  deep  inward  and  arc  topographically  lower  than  the 
surrounding  cratered  terrain  forming  the  polar  basin. 


11.  Monk  of  wide^ugle  pictures  of  oortli  poUr  region  showing  the  tetntn  ukJ 
midiisl  cap.  The  region  lies  3 km  lower  than  the  south  pole.  The  polar  deposiU  tk  on  plaiiB 
deposits  of  ficean  bssan  type.  The  topography  k not  yel  well  enough  known  to  determiiie 
whethfer  the  deposits  ate  in  a bastn. 


me  [Jfoiifni^  rt  1972d]*  A few  small  Plrominent  in  the  aoutbern  bemispbere  of  tbi 
enters  show  httmincieky  eontinuoua  ejecta  planet  are  craters  ranging  fnHn  the  limit  ^ 

bbnkets  and  well-deveioped  rays.  Most  snail  reaoiutioii  (20IK30D  meters)  up  to  the  Uellac 

craters^  however^  exhibit  d^nded  ejecta  falan-  and  Argyre  bastns.  (Hellas  b 2000  km  in  <6am- 

fcets  and  no  ray  patteins.  eter  and  one  half  again  the  ase  of  tl^  Imbiium 

Inteipmtatioii  of  hmar  craten  mdteates  that  baain  on  the  tnooti.)  The  cratering  in  this  bemi- 

tbe  first  criter-reiated  feature  that  dkappears  sphere  is  sttntlar  tc  that  in  the  aoutbetn  bighr< 

by  eroston  is  the  ray  material,  which  origiDally  lands  of  the  near  side  and  much  of  the  far  skk 

extended  outward  for  many  crater  diameters,  of  the  moon  [Mamtrsky  H d,  1972d;  fFdAdfina; 

The  conUnuotis  ejecta  btankelB,  up  to  two  crater  1973].  Tbe  abundance  of  craters  here  b suet 

cfiametefB  in  widths  are  more  resbtant  to  wind  that  this  terrain  must  be  rdativdy  older  geo- 

eroebn.  These  deporiu  eventually  lose  their  logically.  The  crater  frequency  k less,  bow- 

hummocky  character^  but  tbe  outer  irregular  evei,  than  that  on  Plmbos,  tbe  satclljte  ol 

edges  remain  as  low  ridges.  The  very*  dow  Mars,  and  in  the  most  heavily  cratered  of  thi 

degradatbn  of  craters  on  the  moon  is  largely  lunar  uplands  [^ortmami,  1973].  Tlue  lowei 

by  impact  gardening;  on  Mars  the  erosion  is  crater  frequency  probably  indicates  destfuctbi] 

probably  dominantly  eolian.  Most  of  the  my  of  some  craters  by  various  procesaes  that  in- 
material of  lunar  craters  and  terrestrial  experi-  chide  all  previously  mentioned  (i.e>,  vdcanism 

mental  craters  is  fine  grained;  such  material  on  tectonkm,  channel  generatbn,  and  eolian  ero- 

Mars  would  be  subject  to  degradatbn  and  sbn  and  deposition). 

transportation  by  winds.  Thus  the  paucity  of  The  Argyre  basin  is  ringed  by  radbliy  and 
ray  craters  is  an  indicator  of  the  effectivei^ss  concentrically  textured  mountainous  terraiii 
of  the  eolian  erosbnal  and  depod tional  processes  that  mdteates  its  similarity  to  tbe  lunar  multi- 

on  Mars.  ringed  imoact  basins  such  aa  Imbrium  and 


Orientale  [Hartmann  and  Kuiper,  1962;  Hart- 
mann and  Wood,  1971].  However,  the  deposits 
are  altered  by  subsequent  events,  including 
eolian  modification,  so  that  they  do  not  display 
the  structural  and  depositional  textures  still 
preserved  in  the  drastically  iess  dynamic  lunar 
environment  [Wilhelms  and  McCauley,  1971]. 
Rough^textured,  externally  and  internally  ter- 
raced, generally  circular  craters  with  central 
peaks  are  thought,  like  those  on  the  moon,  to 
be  of  impact  origin  if  they  are  not  so  degraded 
as  to  have  these  diagnostic  characteristics 
obliterated. 

Craters  of  impact  type  are  clearly  distinct 
from  the  smooth-rimmed  volcanic  craters  with 
their  commonly  attendant  radiating  lava  chan- 
nels and  flows.  Secondary  crater  arrays  are 
visible  in  several  areas  and  are  distinct  from 
the  linear  airays  of  volcanic  craters  along 
structural  lineaments.  They  are,  however,  far 
less  abundant  than  on  the  moon  and  generally 
cannot  be  identified  as  to  source. 

Planetwide  Distribution  of  Geologic  Units 

The  cratered  terrain  apparently  is  the  most 
ancient  on  Mars  and  probably  records,  as  it 
does  on  the  moon,  the  impact  of  cosmic  debris 
on  the  early  diff  ‘ventiated  planet  [Masursky, 
1973;  Carr  et  al.,  1973,  Figure  1].  Preliminar>' 
correlation  of  gravity  mapping  achieved  by 
tracking  the  Mariner  9 spacecraft  with  topog- 
raphy from  several  sources  indicates  that  the 
lowlands  and  plateau  regions  previously  de- 
scribed are  largely  isostatically  compensated. 
This  result  is  in  agreement  writh  the  distribution 
of  rocks  on  the  moon,  where  the  highlands  are 
underlain  by  low-density  crustal  rocks  with 
high  Al/Si  ratios  and  the  lowlands  are  underlain 
by  basalts  that  may  rest  directly  on  mantle 
rocks.  For  Mars,  the  cratered  terrain  that 
occupies  most  of  the  southern  hemisphere  may 
represent  the  more  siliceous  ‘continentar  cnistal 
rocks.  The  Amazonis  and  adjacent  Elysium 
basin  and  the  north<»m  lowlands  may  be  under- 
lain by  basalts  resting  on  the  mantle  and  may 
be  the  gross  equivalents  of  the  terrestrial  ocean 
basins  and  Oceanus  Procellaram  on  the  moon. 
Within  the  primitive  cratered  terrain  are  areas 
filled  by  smooth**r,  younger  material  with  lower, 
but  still  substantial,  crater  populations.  These 
cratered  plains  are  overlain  by  smooth  deposits 
that  form  the  plains,  which  comprise  several 


different  units.  The  smooth  plains  locally  exhibit 
lobate  laval  flow  fronts  and  broad  low  shield 
volcanoes  attesting  to  the  probable  basaltic 
nature  of  the  smooth  deposits. 

Mantling  the  smooth  lava  plains  are  possible 
alluvial  deposits  at  the  mouths  of  the  channels 
in  the  Chr\se  and  Lunae  Palus  regions.  These 
deposits  probably  form  jnedmont  alluvial  and 
possibly  playa  sequences  near  where  the  chan- 
nels debouche  into  the  lowlands,  so  that  some 
of  the  smooth  plains  may  consist  of  sedimentary" 
deposits.  Pediplanation  may  have  taken  place 
in  a few  areas  along  channel  margins  and  where 
j)lateau  edges  and  isolated  hills  and  mesas  seem 
to  be  retreating  [Milton,  1973] 

Eolian  deposits  derived  from  the  polar-eolian 
sediment  traps  may  have  been  spread  equator- 
ward  [Soderblom  et  al.,  19736].  The  thickness 
of  these  loess  and  dune  deposits  on  the  northern 
lava  plains  ca*i  be  estimated  from  their  ap- 
ixirent  thickness  in  the  south  polar  region. 
Here  the  mantling  eolian  material  cannot  ex- 
ceed tens  to  hundreds  of  meters  in  thickness, 
for  it  partly  but  does  not  completely  mask  the 
south  jiolar  cratered  terrain.  Thinner  deposits 
of  eolian  sediments  (possibly  silt  and  sand) 
cover  the  central  part  of  the  planet  in  places. 
Apparently  these  deposits  in  the  central  part 
of  the  planet  are  mobile,  as  the  continually 
changing  light  and  dark  patterns  monitored 
after  the  great  dust  .<torm  attest.  They  must 
he  only  a few  meters  in  thickness,  s they 
do  not  obscure  textural  detail  in  the  cratered 
and  faulted  terrain.  Thicker  loess  deposits  prob- 
ably lie  within  Hellas  and  other  similar  large 
circular  basins  and  craters,  b\it  their  thickness 
cannot  be  determined:  such  regions  do  appear, 
however,  to  be  the  source  areas  for  many 
^^artian  dust  storms,  including  that  of  1971 
[Capen  and  Martin,  1971]. 

The  south  polar  glacio-eolian  deposits  overlie 
the  cratered  terrain;  the  north  polar  deposits 
overlie  smooth  and  cratered  plains.  The  north 
]iolar  region  is  about  3 km  lower  than  the 
sotithern  region  J,  Kliore,  personal  com- 
munication. 1972).  This  ob.>^ervation  is  con- 
sistent with  the  morpholog\"  of  the  terrain, 
which  suggests  that  the  south  polar  region  is 
part  of  the  continental  mass;  the  north  polar 
region  is  part  of  the  'ocean*  basin  floor. 

The  margins  of  the  central  continent*'’  block 
are  varied.  At  100®  to  130®\V  the  margin  is 
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abrupt  and  the  slopes  are  steep;  the  crest  of 
the  Tharsis  ridge  is  marked  by  the  three  aligned 
volcanic  structures.  Perhaps  this  continental 
margin  is  the  site  of  incipient  plate  tectonic 
movement;  alternatively,  the  volcanoes  may  lie 
along  a zone  of  vertical  movement  boundin'^ 
the  continental  block.  The  northern  margin  is 
irregular  with  gentler  slopes.  The  contact  be- 
tween the  cratered  plains  and  the  low-lying 
smooth  plains  is  gradational  and  has  many 
irregularly  disposed  hills  and  mes**s.  The  cen- 
tral canyon  or  t roughed  zone  may  mark  a rift 
zone  developed  by  the  highland  rocks  sliding 
into  the  northern  lotvlands;  again  alternatively, 
the  canyons  may  mark  complex  vertical  fault- 
ing. the  most  complex  faulting  being  in  the  area 
of  greatest  uplift  and  adjacent  to  the  thickest 
young  volcanic  rocks  that  overlie  the  conti- 
nental crust. 

Geologic  History 

The  various  topical  studie;^  presented  in  this 
issue  and  the  regional  geologic  mapping  accom- 
plished to  date  permit  an  expansion  and  s\ti- 
thesis  of  the  earlier  preliminaiy"  geologic  histories 
presented  for  the  equatorial  belt  [McCauley 
et  ai,  1972:  Carr  et  a!..  1973].  The  principal 
data  used  are  overlap  relations  between  geologic 
units  and  differences  in  their  crater  populations. 
These  relations  show  that  Mars  has  a decipher- 
able history  that  date<  far  back  in  time.  This 
history  may  place  some  boundary  conditions  on 
theories  about  the  evolution  of  its  atmosphere 
and  the  development  of  an  ice  regime.  The 
heavily  cratered  generally  high-standing  rocKs 
that  lie  predominantly  in  the  mid-latitudes  and 
southern  latitudes  are  the  most  ancient  on  the 
planet,  as  has  been  recognized  since  Mariner 
6 and  7 [Leighton  and  Murray,  1971]. 

Large  lunar  basins  such  as  Imbrium  formed 
aftir  the  initial  differentiation  of  the  entire 
moon.  Ejecta  from  these  basins  contain  norites, 
aiiorthositic  gabbros,  and  anorthosites  that  form 
the  crustal  rocks,  which  stand  h gh  because  of 
their  lesser  density.  A similar  process  probably 
took  place  on  Mars,  so  that  the  high-standing 
heavily  cratered  rocks  may  be  part  of  the  early 
differentiated  continentrd  cnist. 

During  a rime  of  rapidly  decreasing  flux  of 
impacting  bodies,  the  many  large  flat-floored 
cratc*-s  formed,  as  well  as  the  large  impact 
ba^iii.-,  Hellas,  Argyre,  and  I ibya.  Hellas  ap- 


|)ears  to  be  the  oldest,  as  its  rim  has  been 
almost  completely  destroyed  and  the  number  of 
superimposed  craters  around  its  edge  is  com- 
parable to  the  rest  of  the  heavily  cratered 
terrain.  Argyre  and  Libya  are  more  rugged  than 
Hellas  and  have  fewer  superimposed  craters. 
They  probably  formed  later. 

Impact  presumably  continued  at  a decreasing 
rate,  but  volcanism  started  early  in  this  episode. 
The  oldest  volcanic  feature  recognized  is  a 
volcano  on  the  northeast  rim  of  the  Hellas 
basin  (M.  H.  Carr,  personal  communication, 
1972).  This  heavily  cratered  (it  has  twice  as 
many  craters  as  the  oldest  of  the  plains  units) 
and  eroded  feature  at  first  was  difficult  to  recog- 
nize; other  features  may  be  found  as  systematic 
geologic  analysis  continues.  The  ancient  volcano 
is  of  particular  significance  because  it  indicates 
that  volcanism  of  the  type  obser\*ed  in  the 
Amazonis  region  began  early  in  Mars  histoiy* 
and  within  the  ancient  cratered  terrain.  Old 
plains  units  mantle  parts  of  the  ancient  cratered 
terrain  and  are  marked  by  lower  crater  fre- 
quencies. They  are  difficult  to  delineate  because 
erosion  and  deposition  htve  obscured  their 
contacts.  The  oldest  plain.«  unit  that  can  be 
mapped  satisfactorily  occurs  in  the  Lunae  Palus 
area  and  overlies  part  of  the  volanic  structures 
in  the  Hesperia  region.  It  has  a greater  crater 
density  than  most  of  the  lunar  maria.  Its  abso- 
lute age,  like  that  of  the  other  Martian  units,  is 
difficult  to  assess  because  the  relative  contribu- 
tion.<  to  the  flux  of  eometary  and  asteroidal  im- 
pacts are  not  known. 

Next  younger  in  age  are  the  heavily  faulted 
plains  around  Xix  Olympica,  in  Arcadia,  and  in 
.\lba.  They  appear  to  be  basalt  flows,  similar 
to  those  in  the  surrourding  smooth  plains,  that 
have  been  .dightly  uplifted,  faulted,  heavily 
modified  by  eolian  erosion,  and  moderately 
cratered.  Mottled  cratered  terrain  underlies 
large  areas  in  the  northern  regions.  It  is  mod- 
erately cratered  and  partly  covered  by  eolian 
cleposits.  Volcanism  probably  started  in  the  Nix 
Olymtiica  area  about  the  same  time  that  these 
plains  formed.  The  erosional  n-arp  at  the  base 
of  Nix  01ym]>ica  suggests  that  these  layers  were 
being  eroded  while  the  up|)er  part  of  the  moun- 
tain was  still  being  constnicted.  The  ney+ 
youngest  plains  unit  occurs  in  the  Phoenicis 
Lacus  and  Elysium  areas.  It  is  moderately 
cratered  and  faulted;  the  number  of  craters  is 
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comparable  to  that  on  most  lunar  maria.  It 
embays  knobby  terrain,  indicating  that  the 
process  forming  the  latter  unit  began  before 
deposition  of  the  moderately  cratered  plains. 

Upwarping  or  epeirogeny  then  took  place 
in  the  Tharsis  region  and  resulted  in  mosaiclike 
fault  patterns  as  well  as  the  extensive  rifting 
to  the  east  in  the  main  part  of  the  Coprates 
canyon  system.  The  upper  part  of  the  Nix 
Olympica  as  well  as  the  Tharsis  shield  volcanoes 
then  formed.  Contempontneously,  the  young 
lava  plains  with  their  abundant  flow  fronts  and 
lava  domes  were  extnided.  Chaotic  terrain  de- 
veloped later  along  the  margins  of  the  equa- 
torial plateau.  Broad  channels  then  formed, 
apparently  over  a considerable  time,  since  some 
of  their  floors  are  moderately  cratered  and 
others  are  little  cratered.  Their  development 
may  have  paralleled  the  construction  of  the 
large  volcanoes. 

Eolian  deposition  and  erosion  extended  over 
a considerable  time  up  to  the  present:  in  the 
polar  regions  the  laminated  terrains  were  being 
deposited  and  "^roded  and  redeposited  in  groat 
mantles  of  sand  and  loesslike  deposits  that  thin 
equatoru\ard.  Etch-pitted  plains  surrounding  the 
poles  attest  to  the  intensity  of  eolian  erosion  of 
earlier  deposits  in  the  vicinity  of  the  polar  caps. 
This  erosion  raises  the  possibility  that  earlier 
generations  of  laminated  terrain  have  been  re- 
distributed. The  present  polar  deposits  may 
record  only  the  latest  episode  of  deposition  of 
layered  materials. 

The  possible  fluviatile  channels  may  record 
episodes  when  water  was  much  more  abundant 
in  the  atmosphere  than  it  is  at  present.  Planet- 
wide warmer  interglacial  periods  would  release 
not  only  the  water  locked  in  the  polar  caps  but 
also  that  frozen  in  the  subsurface  a.s  permafrost. 
Similar  warmer  and  colder  periods  also  are 
characteristic  of  terrestrial  history.  Still  con- 
timiing  is  the  erosional  modification  of  land- 
forms  and  deposition  of  widespread  silt  ar.d 
clay  loess  depasits  anu  local  sand  <?uncs. 

Acknowledgments.  Members  of  the  television 
team  were  H.  Masiirsky  (leader),  D.  Arthur,  R. 
Batson,  W.  Borgeson.  G.  Briggs,  M.  Carr,  P. 
Chandeysson,  J.  Cutts.  M.  Davies,  G.  do  Vaucou- 
leurs,  W.  Hartmann,  J.  Lederberg,  R.  Leighton, 
C.  Leovy,  E.  Levinthal,  J.  McCauley,  D.  Milton, 
B.  Murray,  J.  Pollack.  C.  Sagan,  R.  Sharp,  E, 
Shipley,  B.  Smith,  L.  Soderblom,  J.  Veverka,  R. 
Wildey,  D.  Wilhelms,  and  A.  Young.  Publication 


authorized  by  the  Director,  U.S.  Geological  Sur- 
vey. 

This  work  was  done  under  the  auspices  of  the 

Jet  Propulsion  Laboratory.  California  Institute  of 

Technology  contract  WO-8122. 

References 

Anderson,  E.  M..  Cone-sheets  and  ring  dykes:  The 
dynamical  explanation.  Bull.  VolcanoL,  2,  35, 
1937. 

Bailey,  E.  B..  C.  T.  Clough,  W.  B.  Wright,  J.  E. 
Richey,  and  G.  V.  Wilson,  Tertiary  and  post- 
Tertiar>'  geology  of  Mull,  Lock  Aline,  and  Oban, 
Mem.  Geol.  Snrv.  Scot.,  445  pp..  1924. 

Barth.  C.  A.,  A.  I.  Stewart,  C.  W.  Hord.  and  A.  L. 
Lane,  Mariner  9 ultraviolet  spectrometer  ex- 
I)eriment:  Mi  ^-s  airglow  spectroscopy  and  varia- 
tions in  lyman  ilpha.  Icarus,  17,  457.  1972. 

Batson,  R.  M.,  Cartographic  products  from  the 
Mariner  9 mission.  J.  Geophys.  Res.,  78,  this 
issue,  1973. 

Cain,  D.  L.,  A.  J.  Kliore,  B.  S.  Seidel,  M.  J.  Sykes, 
and  P.  M.  Woiceshyn,  Approximations  to  the 
near  surface  of  Mars  and  Mars  atmosphere  using 
Mariner  9 occupation,  J.  Geophys.  Res.,  78,  this 
issue,  1973. 

Capen,  C.  F..  and  L.  J.  Martin,  The  developing 
stages  of  the  Martian  vellow  storm  of  1971,  BuU. 
Lowell  Observ.,  157, 211, 1971. 

Carr,  M.  H.,  Volcanism  on  Mars,  J.  Geophys.  Res., 
78,  this  issue.  1973. 

Carr,  M.  H..  H.  Masursky,  and  R.  S.  Saunders,  A 
generalized  geologic  map  of  Mars,  /.  Geophys. 
Res..  78,  this  issue.  1973. 

Cutts,  J.  A.,  Wind  erosion  in  the  Martian  polar 
regions,  J.  Geophys.  Res.,  78,  this  issue,  19^. 

Cutt.<?.  J.  A.,  and  R.  S.  U.  Smith.  Eolian  deposits 
and  dunes  on  Mars,  J.  Geophys.  Res.,  78,  this 
issue,  1973. 

Downs.  G..  R.  M.  Goldstein,  R,  R,  Green,  and 
G.  A.  Morris,  Mars  radar  observations:  A 
preliminary  report,  Science,  174,  1324,  1971. 

Hanoi,  R.  A„  B.  Conrath,  W.  Hovis,  V.  Kunde, 
P.  Lowman,  W.  Maguire,  J,  Pearl,  J.  Pirraglia. 
C.  Prabhakara.  B.  Schlachmann.  G.  Levine,  P. 
Straat.  and  T.  Burke,  Investigation  of  the 
Martian  environment  by  infrared  spectroscopy 
on  Mariner  9.  Icarus,  17,  423,  1972. 

Hartmann,  W.  K.,  Martian  cratering,  4,  Mariner  9 
initial  analy.ris  of  cratering  chronology,  J.  Geo^ 
phys.  Res.,  78,  this  issue,  1973. 

Hartmann,  W K.,  and  G.  P.  Kuiper,  Concentric 
stnicture>  surrounding  lunar  basins,  Commun. 
Lunar  Planet.  Lab.,  1, 51, 1962. 

Hartmann.  W.  K..  and  C.  A.  Wood.  Moon:  Origin 
and  evolution  of  multi-ringed  basins,  Moon,  3,  4, 
1971. 

Hord,  C-  W..  C.  A.  Barth,  A.  I.  Stewart,  and  A. 
L.  Land.  Mariner  9 ultraviolet  spectrometer 
experiment:  Phot  metr>"  and  topography  of 

Mars,  Icarw  , 17,  443, 1972. 

Kingsley,  L.,  Cauldron  subsidence  of  the  Ossipee 
Mountains,  Amer,  J.  Set.,  22, 139,  1931. 


487 


Kliore,  A-  J.,  D.  L.  Cain,  G.  Fjeldbo.  B.  L.  Seidel, 
M.  J.  Sykes,  and  S.  I.  Rascol,  The  atmosphere 
of  Mars  from  Mariner  9 radio  occultation  mea- 
surements, Icarus,  17,  484,  1972. 

Korn,  H-,  and  H.  Martin.  The  Messum  igneous 
complex  in  south-west  Africa,  Trans.  Geol.  Soc. 
S.  Afr.,57, 83,  1954. 

Leighton,  R.  B.,  and  B.  C.  Murray.  One  year's 
processing  and  interpretation — An  overv’iew,  J. 
Geophys.  Res.,  76, 293. 1971. 

Leovy,  C,  B.,  G.  A.  Briggs,  and  B.  A.  Smith, 
Mars  atmosphere  during  the  Mariner  9 extended 
mission:  Television  results,  J.  Geophys.  Res.,  7S, 
this  issue,  1973. 

Levinthal,  E.  C.,  W.  B.  Green.  J.  A.  Cutts,  E.  D. 
Jahelka,  R.  A.  Johansen,  M.  J.  Sander,  J.  B 
Seidman,  A.  T.  Young,  and  L.  A.  Soderblom. 
Mariner  9 image  processing  products,  Icarus,  18, 
75,  1973. 

Lorell,  J.,  G.  Bom,  E.  Christensen,  P.  Esposito, 
J.  F.  Jordan,  P.  Laing,  W.  Sjogren,  S.  Wong, 
R.  Reasenberg,  I.  Shapiro,  and  G.  Slater.  Gravity 
field  of  Mars  from  Mariner  9 tracking  data, 
Icarus,  IS,  304, 1973. 

Masursky,  H..  An  Apollo  view  of  lunar  geolog>*, 
in  Lunar  Science,  vol.  4.  edited  by  J.  W.  Cham- 
berlain. and  C.  Watkins,  pp.  511-512.  Lunar  Sci- 
ence Institute,  Houston,  Tex,,  1973. 

Masursky,  H.,  et  al.,  Television  experiment  for 
Mariner  Mars,  1971,  Icarus,  12, 10, 1970. 

Masursky,  H.,  et  al,.  Mariner  9 television  recon- 
naissance of  Mars  and  its  satellites:  Preliminary 
results.  Science,  176, 395, 1972o. 

Masursky,  H.,  et  al.,  A planet-wide  view  of  the 
geology  of  Mars  (abstract),  GeoL  Soc.  Amer. 
Abstr.  Programs,  J^,  584.  19726. 

Masursky,  H.,  et  al..  Mariner  9 Mars  television 
experiment  (abstract),  Bull.  Amer.  Asiron.  Soc., 
4, 356, 1972c. 

Masursky.  H.,  et  al..  A planet-wide  view  of  the 
geology  of  Mars  as  obsen^ed  from  Mariner  9. 
paper  presented  at  15th  meeting  of  COSP.4R, 
Madrid,  May  10-24, 1972d. 

McCauley,  J.  F.,  Mariner  9 evidence  for  wind 
erosion  in  the  equatorial  and  mid-latitude  re- 
gions of  Mars,  J.  Geophys.  Res.,  78,  this  is.‘»ue, 
1973. 

McCauley,  J.  F.,  M.  H.  Carr.  J.  A.  Cutts,  W.  K. 
Hartmann,  H.  Masursky,  D.  J.  Milton,  R.  P. 
Sharp,  and  D.  E.  Wilhelms,  Preliminary  Mari- 
ner 9 report  on  the  geolog>'  of  Mars,  Icarus,  17, 
289,  1972. 

McDonald,  G.  A.,  and  D.  H.  Hubbard,  Volcanoes 
of  the  National  Parks  in  Hawaii,  5th  ed.,  56  pp., 
Haw*aii  National  Historical  Association,  Hawaii 
National  Park,  1970. 


Milton,  D.  J.,  Water  and  processes  of  degradation 
in  the  Martian  landscape,  J.  Geophys,  Res.,  78, 
this  issue.  1973. 

Oftedahl,  C.,  Permian  igneous  rocks  of  the  Oslo 
graben.  Norway,  Int.  Geol.  Cow^r.  21st,  1960. 

Pettengill,  G.  H..  A.  £.  E.  Rogers,  and  1. 1 Shapiro, 
Martian  craters  ajd  a scarp  as  seen  by  radar. 
Science,  174, 1321.  1971. 

Richey,  J.  E.,  Scotland:  The  Tertiary  Volcanic 
Districts,  3rd  ed.,  revised  by  A.  G.  MacGregor 
and  F.  W.  Anderson,  119  pp..  Department  of 
Scientihc  and  Industrial  Research,  Geological 
Sui^  ey  and  Museum,  Edinburgh,  Scotland,  1961. 

Sagan,  C.,  J.  Veverka.  P.  Tc::,  R.  Dubisch,  R. 
French,  P.  Gierasch.  L.  Quam,  J.  Lederberg, 
E.  Levinthal,  R.  Tucker,  B.  Eross,  and  J.  B. 
Pollack,  Variable  features  on  Mars,  2,  Mariner  9 
global  results,  J.  Geophys.  Res.,  78,  this  issue, 
1973. 

Sharp,  R.  P..  Wind  ripples,  J.  Geol.,  71,  517,  1963. 

Sharp,  R.  P.,  Mars:  Fretted  and  chaotic  terrains, 
J.  Geophys.  Res.,  78,  this  issue,  1973. 

Sharp.  R.  P.,  L.  A.  Soderblom.  B.  C.  Murray,  and 
J.  A.  Cutts,  The  surface  of  Mars,  2,  Uncratered 
terrains,  J.  Geophys.  Res.,  76, 331, 1971a. 

Sharp,  R.  P.,  B.  C.  Murray,  R.  B.  Leighton,  L.  A. 
Soderblom,  and  J.  A.  Cutts,  The  surface  of  Mars, 
4,  South  polar  cap,  J.  Geophys.  Res.,  76,  357, 
19716. 

Simkin.  T.,  and  K.  A.  Howard,  Caldera  collapse  in 
the  Galapagos  Islands.  1968,  Science,  169,  429, 
1970. 

Soderblom.  L,  A.,  M.  C.  Malin,  J.  A.  Cutts,  and 
B.  C.  Murray,  Mariner  9 observations  of  the 
surface  of  Mars  in  the  north  polar  region,  J. 
Geophys.  Res.,  78,  this  issue,  1973a. 

Soderblom,  L.  A.,  T.  J.  Kreidler,  and  H.  Masursky, 
The  latitudinal  distributions  of  erosional  debris 
on  the  Martian  surface,  J.  Geophys.  Res.,  78, 
this  issue,  19736. 

Soffen.  G.  A.,  and  A.  T.  Young,  The  Viking  mis- 
sion to  Mars,  Icarus,  16, 1,  1972. 

U.S.  Geological  Survey,  Shaded  relief  map  of  Mars, 
Atlas  of  ^fars,  MM  25  MIR  I 810,  scale  1: 
25,000.000.  Washington,  D C.,  1972. 

Wilhelms.  D.  E.,  Comparisons  of  Martian  and 
lunar  multiringed  circular  basins,  J.  Geophys. 
Res.,  78,  this  issue,  1973. 

Wilhelms.  D.  E.,  and  J.  F.  McCauley,  Geologic 
map  of  the  nearside  of  the  moon.  Geologic  Atlas 
of  the  Moon,  D70S,  U.S.  Geol.  Surv.,  Washing- 
ton, D.C.,  1971. 


(Received  Februar>'  2.  1973; 
revised  March  22,  1973.) 


488 


CHAPTER  Xn  - EDUCATIONAL  RESOURCES 
Educational  Programs  and  Services  — G.  A.  Hull 


489 


N75  13760 


EDUCATIONAL  PROGRAMS  AND  SERVICES 
Garth  A.  Hull 

Ames  Research  Center,  NASA,  Moffett  Field,  C?lif.  94035 


NASA’s  Ames  Research  Center  is  responsible  for  providing  to  colleges  and  universities  in  the 
eleven  Western  states  - including  California  and  Oregon  — speakers,  films,  publications,  and  center 
visits  to  augment  school  curriculums. 

For  information  about  these  services,  please  contact  the  Educational  Programs  Office,  NASA— 
Ames  Research  Center,  Moffett  Field,  CA  94035,  or  call  415/965-5543.  The  personnel  responsible 
are  Garth  Hull,  Mike  Donahoe,  and  Barbara  Busch. 

Films 

The  National  Aeronautics  and  Space  Administration  provides  films  describing  NASA  research 
and  development  programs  in  space  and  aeronautics,  and  documents  the  results  of  this  research. 
Approximately  75  titles  are  currently  being  loaned,  including  documentaries  on  each  Apollo  lunar 
exploration.  There  is  no  rental  charge;  however,  borrowers  must  pay  for  the  cost  of  return  postage 
and  insurance.  Please  order  at  least  30  days  in  advance  (see  Appendix  H). 

Publications 

Educational  Publications  are  designed  to  present  and  explain  NASA’s  goals  and  projects  and  to 
document  new  knowledge  generated  by  these  programs.  These  publications  are  free-of-charge  to 
teachers,  upon  request.  Additional  copies  can  be  ordered  from  the  Superintendent  of  Documents, 
U.  S.  Government  Printing  Office,  Washington,  D.  C.  20402.  The  foldout  (black-and-white)  flyers 
are  available  free-of-charge  to  all  requestors,  in  single  or  bulk  quantities. 

Educational  Publications  Mailing  List 

A mailing  list  maintained  by  NASA  Headquarters  in  Washington,  D.  C.,  provides  teachers  with 
a sample  copy  of  new  educational  publications.  An  application  form  for  that  mailing  list  can  be 
obtained  through  NASA-Ames. 

Special  Publications 

NASA’s  Scientific  and  Technical  Information  Div  'ion  publishes  detailed  reports  on  NASA’s 
accomplishments.  These  publications  are  also  available  from  the  Superintendent  of  Documents.  The 
Federal  Book  Store,  450  Golden  Gate  Avenue,  San  Francisco,  provides  the  same  ordering  service  in 
a shorter  period  of  time.  Library  reference  copies  are  available  for  the  entire  series  at  m^or  library 
depositories,  located  at  the  University  of  Califomia/Berkeley,  the  Los  Angeles  and  San  Diego  Public 
Libraries,  and  at  Ames  Research  Center. 
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Speakers 


NASA  provides  speakers,  including  education  specialists  as  well  as  its  scientists.  The  specialists 
provide  special  lectures  to  audiences  at  community  colleges,  augmented  by  audio-visual  materials, 
models,  etc.  These  specialists,  in  their  mobile  vans,  move  throughout  the  Western  states  providing 
this  service.  NASA  scientists  and  engineers,  when  time  and  travel  funds  permit,  enjoy  the  opportun- 
ity to  address  community  college  students  and  faculty  in  their  subject  fields.  When  an  on-site 
lecture  is  not  practical,  lectures  are  sometimes  given  from  Ames  by  telelecture.  The  telelecture  is  a 
technique  whereby  visual  aids  are  sent  ahead  to  the  requesting  organization,  and  the  speaker  then 
addresses  the  audience  via  a two-way  audio  hook-up. 

In  addition,  the  Jet  Propulsion  Laboratory,  Pasadena,  California,  provides  speakers  concerned 
with  JPL’s  missions,  particularly  to  Southern  California  audiences. 

Slides  and  Audio  Visuals 

Ames  Research  Center  maintains  a varied  collection  of  3S-mm  slides  on  various  aspects  of  the 
space  program.  In  addition,  Ames  provides  slide-copying  service.  The  users,  bringing  their  own  film, 
can  reproduce  these  resources  during  Ames’  working  hours.  In  addition,  our  Earth  Resources  Data 
Facility  encourages  users  to  copy  their  resources,  mostly  high-altitude  photographic  coverage  of  the 
Western  United  States.  The  entire  Earth  Resources  Photographic  Collection  is  located  at  EROS 
(Department  of  the  Interior),  Sioux  Falls,  South  Dakota  57198.  The  telephone  number  is 
605/594-6511.  ERTS,  Skylab,  and  high-altitude  aircraft  photography  in  various  spectra  are  available 
at  cost. 

Library  Resources 

The  Ames  Research  Center  Library  is  open  to  students  and  faculty.  The  Library  specializes  in 
aeronautics,  astronautics,  and  life  sciences  collections.  An  excellent  periodical  and  abstract  service 
collection  is  available.  These  materials  are  available  for  reference  use. 

Work-Experience  Programs 

Ames  Research  Center  provides  work  experience  opportunities  for  college  students.  The  Foot- 
hill and  San  Mateo  Community  College  Districts  currently  have  107  students  working  at  Ames  in 
eighteen  career  categories. 

Center  Visits 

Ames  Research  Center  hosts  college  and  university  students  and  faculty  whenever  possible. 
Programs  are  normally  scheduled  for  approximately  two  hours,  at  10:00  a.m.,  1:00  p.m.,  and 
2:45  p.m.,  Monday  through  Friday.  Briefings  are  normally  associated  w»fn  our  wind  tunnels, 
motion  simulations,  and  research  aircraft.  If  possible,  special  programs  a/e  arranged  for  specific 
interest  areas.  Please  contact  us  at  least  one  month  in  advance  to  arrange  for  these  programs. 
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SOURCES  OF  INFORMATION  AND  MATERIAL 


A.  Lunar  and  Planetary  Geology  Text  Books 

Hartmann,  W.  K.,  1972.  Moons  and  Planets,  Bogden  and  Quigley,  Inc.,  Tarrytown-on-Hudson 
New  York,  and  Belmont,  Calif'^rnia. 

Mutch,  T.  A.,  1972.  Geology  of  the  Moon:  A stratigraphic  view.  Princeton  University  Press, 
Princeton,  New  Jersey.  College-level  text  and  reference,  well  written  and  illustrated. 
Extensively  revised  from  th  1970  first  edition.  $22.50. 

B.  Reference  Books  and  Papers 

Carr,  M.  H.,  ed.  1970.  A strategy  for  the  geologic  exploration  of  the  planets,  U.  S.  Geological 
Survey  Circular  640.  Free  from  U.  S.  Geol.  Survey,  Washington,  D.C.  20242.  General 
account  of  the  methods  and  rationale  of  planetary  geology. 

Baldwin,  R.  P.,  1949.  The  Face  of  the  Moon,  Chicago,  Univ.  of  Chicago  Press,  273  p. 

Baldwin,  R.  P.,  1963.  The  Measure  of  the  Moon,  Chicago,  Univ.  of  Chicago  Press,  488  p. 

Davies,  M.  E.  and  B.  C.  Murray,  1971.  The  View  from  Space,  Columbia  Univ.  Press,  New  York. 
College-level  reference  on  lunar  and  planetary  spacecraft  that  carried  imaging  systems. 
Excellent  review  of  advantages  and  disadvantages  of  different  systems.  $14.95 

Fielder,  G.  ed.,  1971.  Geology  and  Physics  of  the  Moon,  American  Elsevier  Publ.  Co.,  Now 
York.  A collection  of  papers  on  different  aspects  of  lunar  geology.  $25.50 

Fielder,  G.,  1965.  Lunar  Geology,  Dufour  Editions,  Inc.,  Chester  Springs,  PA.  $10.00 

Guest,  J.  E.,  ed.,  1971.  The  Earth  and  Its  Satellite.  Rupert  Hari-Davis,  Ltd.,  London.  Excellent 
collection  of  papers  by  various  authors  on  th  geology  of  the  Earth  and  Moon,  illustrated 
with  color  and  black  and  white  photographs.  $10.00 

Kopal,  Z.,  .966.  An  Introduction  to  the  Study  of  the  Moon,  New  York,  Gordon  and  Breach, 
Dordrecht-Holland,  D-Reidel,  464  p. 

Kosofsky,  L.  J.  and  F.  El-Baz,  1969.  The  Moon  as  Viewed  by  L>:nar  Orbiter,  NASA  SP-200. 
An  excellent  collection  of  annotated  lunar  photographs  from  the  Lunar  Orbiter  series. 
♦GPO  $7.50 

Lowman,  P.  D.  1969.  Lunar  Panorama,  Pulb.  Weltflugbild,  R.  A.  Muller-Feldmeilen,  Zurich. 
Collection  of  lunar  photographs  from  unmanned  missions,  with  annotations  of  the 
geology.  $12.45 

*CPO  = Superintendent  of  Documents,  Government  Printing  Office,  Washington,  D.  C.  20402. 
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Schultz.  P,  H.  1974  »in  press).  4/oom  i\i,'rphology . UnW.  Texas  Press,  Austin,  Texas.  College- 
level  text  on  the  g^omorphology  of  ihe  Moon.  Profusely  illustrated  with  Lunar  Orbiter 
linages  and  arranged  such  that  the  text  and  illustrations  can  be  examined  separately 
without  losing  continuity. 

Whipple.  F.  L.  1968.  Earth,  'ioon  and  Planets.  Harvard  Univ.  Press,  Cambridge.  Excel^nt 
general  treatment  of  the  Solar  System;  very  little  geology.  Paperback  edition,  $3.00 

Wilhelms.  D.  E.  1970.  Summary  of  Lunar  S:ratig~iphy~Telescopic  Observatio  »s,  U.  S.  Geologi- 
cal Sur\  y Professional  Paper  599-F.  47  p.  Good  account  of  the  methods  of  lunar  geo- 
logic mapping.  *GPO  60^ 

C.  A tiases  of  Lunar  and  Planetary  Photographs 

Alter.  Dinsmore.  1967.  Pictorial  Guide  to  the  Moon,  Thuai  Y.  Crowell  Co.,  New  York,  199  p. 
Primarily  an  atlas  of  telescopic  photographs  with  an  extensive  text  $8.95 

Alter,  Dinsmore.  ed..  1964.  Lunar  Atlas  Dover  Publications.  Inc.,  New  York.  Collection  of 
telescopic  lunar  photographs.  1 54  plates.  Paperback  $6.00 

Bowker,  D.  E.  and  J.  K.  Hughes.  ’ ..nor  Orbiter  Photographic  Atlas  of  the  Moon, tiASPi 
SP-206  (67j  plates).  Collection  of  selected  Lunar  Orbiter  photographs.  *GPO  $19.25 

Collins,  S.  A..  1971.  The  Mariner  6 and  7 pictures  of  Mars,  NASA  SP-263,  >59  p.  Complete 
colle  ♦ion  of  photographs  with  a short  explanation  of  the  n.issiops.  *GPG  $4.25 

Cortwright,  E.  M.,  1968.  Exploring  Space  with  a Camera.  NASA  SP-168,  214  p.  Collection  of 
the  best  s(  ace  photographs  taken  until  the  publication  date;  includes  scenes  from  Gemini 
(of  E.->  th,  in  color).  Ranger,  Surveyor,  Lunar  Orbiter,  with  descriptions  of  the  spacecraft 
and  missions.  *GPO  S4.25 

Kuiper,  G.  P.,  1960,  ed.  Photographic  Lunar  Atias,  Chicago,  Univ.  of  (Thicago  Press. 

Musgiove,  R.  G.,  1971.  Lunar  Photographs  from  Apollo  8.  10.  and  II.  NASA  SP-246. 1 19  p. 
Select!  ’ photographs  from  the  earli..st  manned  lunar  missions;  some  pictures  in  color. 
•GPO  5 ; 00 

D.  Public  information  bulletins  on  lunar  and  planetary  missions,  info>mative,  well  written  and 
illustrated:  excellent  teaching  materials.  Available  from  *GPO 

Lunar  OrhiUr,  NASA  Facts-32/  vol.  4,  no.  4 1 5^ 

The  view  from  Ranger,  NASA  EP-38  40^ 

Journey  to  the  Moon  NASA  Facts-40/1 1-67  (wall  chart)  30^ 

•-  )g  of  Apollo  . 1 (first  lunar  landing),  NASA  EP-72  35^ 

The  first  lunar  landing,  as  told  by  th^  astronauts,  NASA  EP-75  754 

Mariner  Spacecraft,  NASA  Facts-39/2-68  20<t 


*GPO  = Superintendent  of  Document',  o-  vemment  Prin.ir  Office,  Washington,  D.  C.  20402. 


494 


E.  Maps  and  Cherts 


The  Earth’s  Moon,  1969.  National  Geographic  Society,  Washington.  D.C.  20036,  Sl.OO. 
40"’  X 27”.  Nearside  and  farside,  with  index  to  named  features;  information  on  lunar 
shape  and  motion  on  the  margins;  the  best  general  lunar  chart  available. 

The  Red  Planet,  MARS,  1973.  National  Ge<^raphic  Society,  Wa^ington,  D.C.  20036.  $1.00. 
Excellent  map  prepared  from  Mariner  9 data. 

Wilhelms,  D.  E.  and  J.  K.  McCauley,  1971.  Geologic  Map  of  the  nearside  of  the  Moon,  U.  S. 
Geol.  Survey  .ap  1-703.  54”  X 36”  *GPO  Sl.OO 

Lunar  Chart  LEM  - frontside.  Available  in  three  scales  from  *GPO: 

66”  X 66”  ( 1 ; 2,500,000  scale)  two  sheets,  $2.00 
35”  X 36”  ( 1 ;5,000,000  scale)  $ 1 .00 
19”  X 1 7”  (1:10,000,000  scale)  S0.50 

Lunar  Chart  LPC-1  Frontade,  backside,  and  polar  regions,  1:10,000,000  38*’ X 26”,  *GPO 
50^ 

F.  Globes 

Denoyer  - Geppert  Lunar  Globe.  Times  Mirror,  5235  Ravenswood  Ave.,  Chicago.  111.  60640. 
16”  diameter  (S68.00  - hand  mounted,  $27.24  mass  produced);  highly  detailed  and  well 
produced. 

Denoyer  - Geppert  Mars  Globe.  Times  Mirror,  5235  Ravenswood  Ave.,  Chicago,  111.  60640. 
16”  diameter,  $60.00  hand  mounted.  Excellent  globe,  shows  the  named  features  as  of 
1973. 

RanU  McNally  Lunar  Globe.  1 2”  diameter,  surface  detail  not  as  accurate  as  Denoyer-Geppert, 
but  it  includes  more  names  of  surface  features  and  crater  depth  for  se'^cted  craters. 

G.  Photographs  - most  of  the  following  agencKs  and  institutions  will  supply  indices  of  available 
photographs,  with  prices,  on  request. 

Public  Affairs  office,  Ames  Research  Center,  National  Aeronautics  and  Space  Administration, 
Moffett  Field,  California  94035. 

National  Space  Science  Data  Center.  Goddard  Space  Flight  Center,  National  Aeronautics  and 
Space  Administration,  Greenbelt,  Maryland  20771.  Source  for  photographic  ptints  and 
negatives  of  research  quality  for  Lunar  Orbiter,  Surveyor,  Apollo.  Mariner,  etc.  missions. 
Individual  catalogs  for  missions  are  available.  Photographs  are  supplied  at  cost. 


•GPO  = Superiri'sndent  of  Documents,  Government  Prir  'ng  Office,  Wash  ligton,  D.  C.  20''32. 
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Observatory  telescopic  photographs  of  the  Moon,  planets,  and  stars: 

Lick  Observatory,  Univ.  of  California  at  Santa  Cruz,  Santa  Cruz,  Calif.  95060 

Hale  Observatories,  Calif.  Inst.  Tech.  Bookstore,  1201  E.  California  Blvd.,  Pasadena,  Calif. 
91109.  Also  sells  NASA  photographs  from  Apollo,  Surveyor,  Ranger,  and  Mariner 
missions. 

Yerkes  Observatory,  William^  Fay,  Wisconsin  53193.  35^  for  a catalog. 

H.  Motion  Pictures 

NASA  film  catalog -available  from  Ames  Research  Center,  NASA,  Moffett  Field,  Calif.  94035. 
Films  are  available  free  to  bonafide  representatives  of  educational,  industrial,  professional, 
youth  activity  and  governmental  organizations  for  group  showings. 

U.  S.  Geological  Survey-Astrogeology  Branch  films  - listing  is  available  from  The  Information 
Office,  Geological  Survey,  Washington,  D.C.  20242. 
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Lunar  Photo  Exercise  - /'.  H.  Schultz 
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Lunar  Samples  — R.  Greeley 
^ollo  Landing  Site  Exercise  - R.  Greeley 

Use  of  Lunar  Orbiter  f lotographsin  Earth  Science  Courses  (Reprint) 
— G.  E.  McGill  and  P.  A.  Chizook 
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APPROACHES  FOR  TEACHING  PLANETOLOGY 
Ronald  Greeley 

University  of  Santa  Qara,  Santa  Qara,  Calif.  95035 


1.  INTRODUCTION 


The  primary  objective  of  the  “Short  Course  in  Lunar  Geology”  is  to  provide  information  and 
ideas  for  instructors  so  that  aspects  of  planetology  can  be  introduced  or  expanded  in  their  earth- 
science  curriculum.  Although  the  ways  that  this  is  accomplished  are  probably  as  varied  as  the 
number  of  participants,  I would  like  to  offer  some  suggestions  for  incorporating  planetology'  into 
earth-science  programs.  Three  general  possibilities  are;  1)  supplemental  instruction  in  existing 
courses,  2)  introduction  of  special  projects  or  formal  courses  in  planetology,  and  3)  introduction  of 
short-courses  for  high  school  instructors,  or  as  community  affairs  programs. 


II.  PLANETOLOGY  IN  EXISTING  COURSES 


Community  college  earth-science  instructors  generally  teach  a variety  of  courses  (physical 
geology,  historical  geology,  physical  science,  astronomy)  in  which  the  solar  system,  “Earth’s  place 
in  space,”  and  the  early  history  of  the  Earth  are  discussed.  A great  deal  of  the  recent  information  on 
the  characteristics  c f the  solar  system  and  ideas  of  its  origin  has  come  from  lunar  and  planetary 
programs.  Thus,  it  would  be  appropriate  to  expand  and  supplement  lectures  with  the  data  gained 
through  iheir  short  course  in  regard  to  geochemistry,  ages  of  lunar  material,  and  characteristics  of 
the  terre.%trial  planets.  Now  that  lunar  landings  have  been  accomplidied  and  large  'Photographic 
libraries  are  being  compiled  from  detailed  views  of  other  planets.  Solar  System  uonomy  has 
changed  drastically.  The  study  of  surface  features  is  basically  th''  field  of  the  geologist,  not  the 
astronomer.  Cbnsequently,  the  topics  in  Solar  System  astronomy  over  the  last  decade  have  been 
redirected  to  the  outer  planets,  to  meteorological  problems,  to  comets,  and  to  the  relatively 
“inaccessible”  (.as  yet)  planetary  objects.  The  study  of  planetary  surfaces  is  typically  approached  by 
astronomers  as  an  aside.  However,  this  topic  is  closest  to  the  field  of  the  geologist. 

In  one  form  or  another,  earth-science  courses  disc  rss  geological  processes.  One  approach  for 
planetology  is  to  show  that  the  same  geological  processes  are  (or  have  been)  operative  on  all 
terrestrial  planets.  Impact  cratering  as  a geological  process  is  usually  neglected  in  general  geology, 
even  tiiough  it  has  been  significant  in  the  evolutionary  history  of  most  planets,  including  the 
primitive  Earth.  Comparisons  of  the  relative  effects  of  impact  cratering  as  well  as  other  processes 
(volcanism.  gradation,  and  tectonism)  for  each  planet  could  be  discussed  and  supplemented  with 
spacecraft  imagery. 

The  basic  concepts  and  principles  of  geology  (superposition,  uniformity,  etc.)  are  used  to 
decipher  the  geology  of  the  other  planets,  just  as  they  are  used  for  Earth.  As  these  topics  are 
discussed,  extraterrestrial  cases  could  be  cited.  For  example,  the  Imbrium  lava  flows  photographed 
by  Lunar  Orbiter  and  Apollo  1 5 demonstrate  superposition  on  a grand  scale!  Or,  craters  cut  by 
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linear  rilles  (graben)  ^ow  cross-cutting  age  relations  for  the  formation  of  the  crater  and  lunar 
crustal  faulting.  In  addition,  extrapolation  of  mcteoritic  flux  data  and  ‘Yeal-time”  cratering  events 
backwards  throu^  geologic  time  permits  an  understanding  of  the  geological  history  and  evolution 
of  the  Moon,  demonstrating  geo/og/ca/  uniformity. 


111.  PLANETOLOGY  AS  A COURSE 


ScHne  schools  have  already  initiated  separate  courses  in  space  science,  or  lunar  and  planetary 
geology.  These  courses  often  start  as  reading  projects  or  seminars  (e.g.,  “Geological  Exploration  of 
the  Moon  and  Plaiiets”),  and  evolve  into  formal  courses.  Depending  on  the  background  of  the 
instructor  and  the  student  population,  the  theme  of  the  courses  varies  from  photogeology,  geo- 
chemistry, or  geophyacs  to  general  space  sciences,  etc.  Some  courses  are  restricted  to  the  Moon; 
others  cover  the  Solar  System. 

This  short  course  could  serve  as  a core  for  a lunar  geology  course  of  about  four  (4)  quarter 
units.  With  laboratory,  it  could  satisfy  State  requirements  as  a physical  science  laboratory  course.  A 
sample  class  schedule  lo*'  the  Planetary  Geology  course  that  1 teach  at  Foothill  College  is  included 
here. 


IV.  SHORT  COURSES 


A general  function  of  community  colleges  is  to  offer  public  service  programs.  Most  commun- 
ities have  a ready-made  audience  for  short  courses  in  lunar  and  planetary  geology  through  local  and 
campus  astronomy  clubs.  Short  courses  and  special  lecture  series  organized  as  community  programs 
are  particularly  effective  when  they  coincide  with  planetary  probes  (e.g..  Pioneer  1 1 , 1974;  Viking- 
Mars,  1976;  etc.). 

Nearly  all  high  schools  teach  physical  science  and  many  have  initiated  earth-science  courses. 
They,  too,  could  offer  aspects  of  planetology  in  their  normal  curriculum.  Short  courses  could  be 
organized  for  high  school  instructors  and  offered  for  extension  credit  along  the  same  general  theme 
as  this  short  course. 


V.  LABORATORY  EXERCISES 


Regardless  of  the  approach  taken  to  introduce  planetology  in  the  earth-science  programs, 
laboratory  exercises  should  be  an  integral  part  of  the  curriculum.  We  traditionally  use  the  “do  and 
learn”  method  in  geology  and  th’s  is  true  of  planetology  as  well.  Exercises  in  additic  i to  those  that 
are  part  of  this  short  course  are  given  in  the  accompanying  material.  Most  of  these  can  be  adapted 
directly  to  the  classroom,  depending  upon  student  level  and  instructor  interest. 

Material  for  the  exercises  (photographs,  maps,  etc.)  can  be  obtained  from  the  sources  listed  in 
the  Appendix  of  the  chapter,  “Educational  Resources.” 
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Planetary  Geology 
SELENOLOGY  EXERCISE 
Ronald  Greeley 

University  of  Santa  Qara,  Santa  Oara,  Calif.  95035 

OBJECTIVE:  To  become  acquainted  with  the  physical  characteristics  of  the  Moon. 

METHOD:  Analysis  of  lunar  photographs,  charts  and  reference  materials. 

The  following  questions  refer  to  the  full-disc  photograph  of  the  Moon. 

1.  Is  the  surface  of  the  Moon  homogeneous,  that  is,  is  it  composed  of  material  that  appears  to  be 
the  same  everywhere? 


2.  Separate  .ae  Morn  into  two  main  geographic  areas  and  list  the  cnaracteristics  for  each. 
AREA  1 AREA  2 


3.  What  physical  properties  of  the  lunar  surface  (that  can  be  distinguished  on  the  photographs) 
did  you  employ  in  characterizing  the  areas? 


4.  Attempt  to  subdivide  each  area  into  sub-areas.  What  is  the  basis  for  your  subdivisions? 


5.  Examine  Lunar  Chart  LPC-1  and  the  National  Geographic  map  of  the  Moon  (frontside,  back- 
side, and  polar  regions).  How  does  the  backside  differ  from  the  frr  nt  side? 
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6.  In  your  opinion,  what  is  the  most  common  type  of  surface  feature  on  the  Moo-i? 


The  Lunar  Charts,  prepared  (from  telescope  photos)  at  a scale  of  1 : 1 ,000,000  and  contoured  at  an 
interval  of  300  meters,  were  drawn  (using  an  air  brush  technique  in  which  shading  aids  in  simulating 
surface  relief)  by  specialists  of  the  U.S.  Air  Force  Aeronautical  Chart  and  Information  Center.  Parts 
of  LAC  40  and  96  are  reproduced  on  the  following  pages.  Chart  LAC  40  shows  a region  in  the 
southern  part  of  Mare  Imbrium  consisting  of  relatively  flat  lava  flows  into  which  a large,  young 
crater  (Timocharis)  has  been  excavated.  Chart  LAC  96  displays  a topography  typical  of  the  old 
central  highlands. 

7.  Using  the  graphical  layout  provided  on  the  next  page,  construct  a topr^raphic  profile  across 
each  of  these  surfaces  along  the  lines  A - A',  B - B',  C - C',  and  D - D'.  In  order  to  emphasize 
differences  in  relief,  the  vertical  scale  for  each  section  has  been  exaggerated  by  a factor  of 
four. 

Normal  contours  are  shown  as  long  dashed  lines.  Depression  contours  are  indicated  by 
hachured  lines.  For  the  larger  craters,  the  number  above  the  crater  name  represents  the  maxi- 
mum elevation  in  meters  (rounded  off  to  the  nearest  10  or  100  m value,  depending  on  the 
control  available).  The  number  enclosed  in  parentheses  refers  to  the  total  average  depth  in 
meters  from  the  high  point  of  the  crater  rim  to  the  low  point  in  the  central  crater  floor. 

a.  Contrast  the  topographic  relief  of  LAC  40  and  LAC  96. 


b.  Compare  and  contrast  the  linear  relief  features  of  LAC  40  and  LAC  96. 


c.  Is  the  “flat”  mare  terrain  of  LAC  40  really  flat?  Explain. 


d.  To  what  geological  process  would  you  attribute  the  rugged  relief  of  LAC  96? 
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PART  II 


To  be  completed  at  home  before  the  next  meeting.  From  the  list  below,  locate  and  write-in  each 
feature  on  the  attached  full  disc  photos.  Suggested  references  incb.de  the  National  Geographic 
Society  Moon  map.  Lunar  Atlases  by  Dinsmore  Alter,  Lunar  Charts  LEM  and  LPC-1 , etc. 

A.  Maria 


1.  Oceanus  Procellarum 

10. 

Mare  Frigoris 

2.  Mare  Imbrium 

11. 

Mare  Orientale 

3.  Sinus  Aestuum 

12. 

Mare  Muscoviense 

4.  Mare  Serenitatis 

13. 

Mare  V^aponim 

5.  Mare  Tranquillitatis 

14. 

Mare  Nectans 

6.  Mare  Humotum 

15. 

Sinus  Indum 

7.  Mare  Nubium 

16. 

Mare  Smithii 

8.  Mare  Fecunditatis 

17. 

Sinus  Rons 

9.  MareCrisium 
Craters 

1.  Copernicus 

11. 

Timocharis 

2.  Tycho 

12. 

Theophilus 

3.  Aristarchus 

13. 

Plato 

4.  Alphonsus 

14. 

Ptolemaeus 

5.  BaUly 

15. 

Arzachel 

6.  Langrenus 

16. 

Qavius 

7.  Kepler 

17. 

Grimaldi 

8.  Messier 

18. 

Riccioli 

9.  Gassendi 

19. 

Schiller 

10.  Archimedes 

20. 

Hipparchus 

Miscellaneous 

1 . Alpine  Valley 

9. 

Jura  Mts. 

2.  Marius  Hills 

10. 

Alpine  Mts. 

3.  Schroeters  Valley 

11. 

Central  Highlands 

4.  Apennines 

12. 

Haemus  Mts. 

5.  HyginusRille 

13. 

Pyrenees  Mts. 

6.  Ariadaeus  Rille 

14. 

Rheita  Valley 

7.  Taurus  Mts. 

15. 

Cordillera  Mts. 

8.  Southern  Highlands 

D.  Space  Probe  Sites 

1 . Rangers  6,  7, 8, 9 

2.  Surveyors  1 , 2, 3,  5, 6, 7 

3.  Apollos  11,  12,  14,  15,  16,  17 
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Planetary  Geology 
LUNAR  PHOTO  EXERCISE 
Peter  H.  Schultz 

Ames  Research  Center,  NASA,  Moffett  Field,  Calif.  94035 


OBJECTIVE:  To  be  introduced  to  lunar  surface  features  and  to  learn  problems  of  photo- 

interpretation. 


METHOD:  Interpretations  of  lunar  crater  origin  based  on  observation  and  personal 

experience. 

MATERIALS:  Photographs  of  lunar  crater  with  increasing  resolution,  map  of  the  Moon,  scratch 

paper,  tracing  paper  (optional). 


INTRODUCTION  FOR  INSTRUCTORS 


There  are  two  basic  methods  for  laboratory  exercises.  First  is  the  “lead-through”  or  “spoon- 
feed” approach;  the  second,  the  “self-discovery”  approach.  Selenology  lends  itself  to  both  tech- 
niques but  several  lessons  in  the  scientific  method  can  be  learned  by  permitting  the  student  to 
discover  for  himself  plausible  models  of  lunar  surface  processes.  At  one  extreme,  he  is  given  a lunar 
photograph  and  only  enough  background  to  recognize  ihe  proper  photographic  scale  and  the 
lighting  conditions  at  the  surface  (Exercise  A).  At  the  other  extreme,  he  is  provided  with  questions 
that  generally  guide  him  through  the  exercise  (Exercise  B).  The  choice  of  extremes  typically 
depends  on  the  experience  of  the  student.  However,  if  enough  warning  is  given  to  what  is  expected 
of  the  student,  he  should  be  able  to  wade  through  either  approach.  A necessary  part  of  the  exercise 
is  a summary  and  discussion  period  in  which  the  student  recognizes  what  was  pertinent,  what 
assumptions  did  he  make  (perhaps  without  knowing),  and  what  was  he  supposed  to  learn  about  the 
Moon.  If  the  student  is  left  only  to  his  own  resources,  then  he  must  be  given  credit  for  ingenuity 
and  approach  rather  than  for  the  correct  answer.  In  this  sense,  the  exercise  is  not  really  conducive 
to  a grading  system  but  is  used  as  a learning  exercise. 

The  primary  goals  in  a self-discovery  approach  are  both  the  ertcouragement  of  independent 
thinking  and  the  exposure  of  preconceived  ideas.  Whether  the  student  is  a science  or  humanities 
major,  he  probably  wfll  recognize  the  thin  line  between  observation  and  interpretation.  For 
example,  a surface  feature  might  be  labeled  on  the  basis  of  personal  experience,  and  this  label  might 
carry  with  it  a connotation  or  origin.  Less  philosophical  goals  include  the  appreciation  of  the  type 
of  data  and  restrictions  in  photo  interpretation.  In  addition,  the  student  will  be  exposed  to  a variety 
of  surface  features,  a variety  that  will  become  more  apparent  the  longer  he  looks  at  the 
photographs. 
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INSTRUCTIONS  AND  DISCUSSION 


These  two  alternative  selenology  exercises  are  designed  for  groups  of  four  students  working 
together  on  the  same  set  of  lunar  photographs.  Lai^er  working  groups  tend  to  stifle  different  ideas 
from  the  more  timid  students.  Both  exercises  depend  on  their  formulating  a theory  of  the  origin  of 
lunar  craters  based  on  what  they  see  and  that  they  know  from  previous  experience.  This  is  basically 
the  approach  used  by  a photo-geologist;  the  difference  is  that  the  student  might  not  have  a geologi- 
cal background. 

Two  craters  will  be  examined  (see  accompanying  illustrations).  Two  or  three  working  groups 
will  be  given  one  crater,  Copernicus;  oflier  groups,  a different  crater,  Gassendi.  These  craters  have 
been  selected  because  they  are  significantly  different  in  appearance,  indicating  a difference  in  origin 
or  modification.  The  theme  is:  “Based  on  the  crater  you  have  studied,  what  is  the  origin  of  lunar 
craters?”  Each  working  group  will  select  a spokesman  to  present  their  conclusions.  Because  the 
working  groups  independently  examine  two  different  craters  and  because  the  question  of  origin  was 
made  in  a very  general  sense,  a debate  may  result.  This  is  intended  and  should  be  encouraged.  In 
pr<ticular,  it  is  likely  that  the  groups  will  fall  into  two  camps:  those  advocating  an  impact  origin  and 
those  advocating  a volcanic  origin. 

Division  of  opinion  illustrates  several  problems  in  photo  interpretation: 

1 . The  dependence  of  the  interpreter  on  his  own  past  experience,  regardless  of  training. 

2.  The  danger  of  over  applying  a process  recognized  for  one  crater  to  all  other  lunar  craters. 

3.  The  necessity  of  maintaining  a list  of  alternative  origins  and  checking  their  plausibility  as 
new  information  becomes  available. 

4.  The  difficulty  in  demonstrating  one  theory  over  another  theory. 

5.  The  ease  with  which  dogmatic  statements  can  slip  into  a discussion. 

1 : instructor  should  watch  for  thesv  *>roblems  in  photo  interpretation  as  they  are  exposed  in  the 
classroom,  problems  that  characterized  the  early  history  of  selenology. 

A very  important  point  is  that  seemingly  wild  ideas  suggested  by  a student  should  not  be 
summarily  discarded.  Re.r.ember,  the  students  were  asked  to  base  their  interpretation  on  their  own 
experience,  regardless  of  background.  Such  ideas  should  be  examined  for  processes  analogous  to 
currently  more  popular  theories  of  lunar  crater  formation  and  should  be  discussed  in  terms  of  both 
confirmable  tests  and  your  own  knowledge  of  conflicting  evidence. 

If  the  students  have  sufficient  geological  background  or  if  the  level  of  questions  and  sugges- 
tions indicate  that  they  are  on  the  “right”  track,  then  you  might  develop  a line  of  questioning: 

1 . Could  you  see  evidence  for  degradation  or  smoothing  of  surface  features?  What  processes 
could  do  this  smoothing  on  the  Moon? 
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2.  What  features  are  similar  to  both  Copernicus  and  Gassendi?  What  features  are  dissimilar? 

3.  Do  you  think  Copernicus  and  Gassendi  were  formed  by  the  same  mechanism? 

4.  Could  Gassendi  be  a degraded  version  of  Copernicus? 

Discussion  of  these  questions  probably  will  lead  to  three  alternatives  (also  see  table  1).  First, 
Gassendi  was  once  similar  to  Copernicus,  an  impact  crater,  but  meieoritic  erosion  produced  exten- 
sive degradation.  Second,  Gassendi  is  a volcanic  caldera,  whereas  Copernicus  is  a relatively  recent 
impact  crater.  Third,  Gassendi  was  originally  formed  by  impact,  but  volcanic  processes  associated 
with  the  emplacement  of  the  lunar  maria  produced  extensive  modification.  I prefer  the  last  alterna- 
tive based  on  the  following  evidence: 

1.  Craters  exist  (Taruntius,  Atlas)  that  exhibit  floor  features  resembling  those  in  Gassendi 
but  an  ejecta  blanket  resembling  that  of  Copernicus. 

2.  Most  Gassendi-type  craters  (those  with  extensive  floor  fractures)  occur  along  the  borders 
of  the  maria  and  commonly  have  mare  units  emplaced  on  the  floor. 

3.  Central  peak  height  within  Gassendi-type  craters  is  comparable  to  that  in  Copemicus-type 
craters;  however,  several  Gassendi-type  craters  have  shallow  floors  with  the  central  peaks 
extending  above  the  rim.  Thus  it  appears  that  the  floor  and  central  peak  complex  were 
raised  en  masse. 

4.  Craters  with  a wide  variety  of  inferred  stratigraphic  ages  exhibit  Gassendi-type  floors,  yet 
floor  features  suggest  a degree  of  preservation  comparable  to  the  maria. 

The  impact  origin  for  Copeniicus  is  generally  accepted.  This  is  based  on  the  extensive  evidence  from 
returned  Apollo  samples  for  impact  processes  acting  on  the  lunar  surface  over  a long  period  of  time; 
the  massive  blanket  of  material  and  secondary  impact  craters  that  surround  the  crater  to  enormous 
distances;  and  the  absence  of  signiflcant  preferred  associations  of  such  craters  with  volcanic  terrains. 
The  argument  that  there  is  no  volcano  of  comparable  size  on  the  Earth  only  can  be  used  as 
supporting  evidence.  Any  stronger  stand  may  bring  up  the  comment  that  scientists,  too,  hav*. 
limitations  in  their  experience  or  knowledge  of  the  early  history  of  the  Eartl.. 
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EXERCISE 


(Instructor:  Suggest  that  each  participant  keep  a record  of  the  observations  on  a piece  of 
paper ) 


In  this  investigation  you  will  be  divided  into  four  groups.  Each  group  is  to  study  the  geologic 
features  associated  with  the  crater  shown  in  the  lunar  photographs.  You  have  been  given  four  sets  of 
photographs  that  have  progressively  increasing  resolutions: 

1.  Lunar  Orbiter  IV,  medium  resolution  (framelet  width  approximately  100  km) 

2.  Lunar  Orbiter  IV,  high  resolution  (framelet  width  approximately  12  km) 

3.  Lunar  Orbiter  V,  medium  resolution  (f»amelet  width  between  3.3  and  4 km) 

4.  Lunar  Orbiter  V,  high  resolution  (framelet  width  between  0.44  and  0.5  km) 

The  photographic  scale,  the  north  direction,  the  direction  of  the  sun,  and  the  elevation  of  the 
^n  above  the  horizon  are  marked  on  each  photograph. 

Each  group  is  to  study  the  crater  in  order  to  derive  a list  of  plausible  origins.  The  intent  of  the 
exercise  is  not  to  arrive  at  a correct  answer.  Rather,  it  is  for  you  to  examine  the  surface  features  and 
deduce  conclusions  from  your  observations  based  on  your  experience.  Select  a spokesman  to 
present  briefly  your  findings  to  the  rest  of  the  groups.  Be  prepared  to  defend  your  conclusions  for 
♦he  origin  of  lunar  craters. 

In  order  to  provide  some  direction  for  the  study,  consider  the  following  questions: 


EXERCISE  A 

(self-discovery,  minimum  guidance) 

1.  What  are  the  relative  ages  of  the  geologic  features  you  see;  in  particular,  the  crater  of 
interest? 

2.  What  evidence  for  geologic  processes  do  you  see  on  the  door,  wall,  and  rim  regions  of  the 
crater? 

3.  What  geologic  features  are  found  on  fh^  Earth  that  appear  analogous  to  the  ones  you  see 
on  the  Moon? 

4.  What  origin  do  you  propose  for  the  different  features  you  see? 

5.  Based  on  your  observations,  what  process  do  you  feel  is  responsible  for  lunar  craters? 


You  will  be  given  about  forty-five  minutes  to  consider  these  questions. 


508 


ALTERNATE  EXERCISE  B 
(guided  self-dtJcuvery  exercise) 

A.  From  the  distant  view  (Lunar  Orbiter  IV,  medium  resolution) 

1.  What  are  the  most  obvious  features  of  the  crater  that  are  visible  at  this  resolution  (a 
resolution  comparable  to  telescopic  views  from  the  EarthiV 

2.  Are  there  other  similar  craters  visible?  If  so,  using  a map,  identify  chese  craters  by  name. 

3.  What  is  the  relation  of  the  crater  to  the  surrounding  teirain? 

B.  From  a closer  view  (Lunar  Orbiter  IV,  high  resolution) 

1.  Divide  the  crater  into  three  areas;  floor,  wall,  and  rim  (beyond  the  rim  crest)  vS.  List 
characteristic  surface  features  in  each  zone. 

2.  Is  the  crater  rim  outline  circular,  polygonal,  irregular,  or  jalloped?  What  about  other 
craters  in  the  a^ea?  Do  you  see  any  significance  to  similarities  or  differences  in  crater 
plan? 

3.  What  do  you  think  the  crater  looks  like  in  cross  section?  Draw  a rough  profile  based  on 
your  impression.  What  criteria  did  you  use? 

4.  At  this  increased  resolution,  what  other  relations  do  you  see  between  the  crater  and  the 
surrounding  terrain? 

C.  Still  closer  view  (Lunar  Orbiter  V,  medium  resolution) 

1 . Compare  the  floor  and  wall  zones;  list  characteristic  features. 

2.  In  general,  what  is  the  age  relation  between  the  wall  and  the  floor?  Are  there  any 
exceptions? 

3.  Can  you  divide  the  floor  into  different  regions  based  on  morphology?  If  so,  list  the  most 
characteristic  features  that  make  these  regions  different. 

D.  Qosest  view  (Lunar  Orbiter  V,  high  resolution) 

1.  Describe  the  floor  in  this  high  resolution  photograph  (smallest  feature  visible  is  approxi- 
mately 10  m)  with  respect  to  crispness  of  detail,  types  of  small  craters,  and  types  of  other 
features. 

2.  Are  any  of  the  features  you  recognize  similai  to  features  on  the  Earth? 

E.  On  the  basi«  of  the  observations  and  yo««r  own  background  (whether  geology  or  home 

economics)  list  the  different  origins  you  can  imagme  for  lunar  craters.  Which  do  you  feel  is  the 

most  plausible?  Which  do  you  feel  is  the  most  implausible? 
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Opposite: 

Figure  L-  The  crater  Copernicus.  The  distant  view,  (a)  (LCFIV-126-M),  revetds 
the  bri^t  ray  system,  and  an  extensive  ejecta  blanket  with  numerous  secon- 
dary craters  is  shown  in  (b)  (LO-IV-l2I-H2f.  The  width  of  (a)  corresponds  to 
770  km:  the  width  of  fbf,  200  km  (frwndet  width  12  km).  The  stereo  pair, 
fc)  and  (d),  focuses  on  the  crater  floor  and  central  peaks.  These  are  medium- 
resolution  images  from  Lunar  Orbiter  V (LCFV-154-M  and  LO-V-152-M)  in 
\Mch  the  frameiet  width  corresponds  to  3.3  km.  bee  figure  10,  Selenology, 
for  further  discussion. 


510 


C^poMte: 

2“  The  mM  mtd  0mt  of  Q^ptmkms  m wm  in  LO-V-lSt-M.  Sdm- 
is  fnm  the  east  Fmndet  Midth  eormpcmdh  to  33  hn. 
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CRATER  C(FERN!CUS 
LO  n H*i63  5/i 


CftpM»te: 

F^gftre  3.~  view  of  the  floor  of  Capmntus  (L€^V-l52-H2l 

Sdimr  Sbtmimtion  h from  the  top  (emt)  md  the  fiwmtet  wkfth  cormporub 
to  0.43  km.  This  pkw  shows  m srm  epproxOnatety  12  km  to  the  nmth  of  the 
southern  centra  ridgy;.  Note  the  rimless  pit  (upper  leftf  the  narrow  depres- 
sion or  "irtoat”  mrroutuMng  sevend  donud  structures  (left,  upper  left),  the 
dome  complex  wdh  radial  femmes  (lowest  rv^tf  and  the  variaUon  in  surface 
textum  and  loca  crater  demdties. 
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ET^3 

^ ; ; ; ; ; - ^ ; ; ; ; ; ;;  ; 

figure  4.~  High-rmilutlon  view  of  the  emtmi  pmk$  (LO-V-iSI-HI } showing  the 
tdm  slopes  of  the  peaks  and  the  floor  surface  between  the  peak  complex. 
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Opposite: 

figure  5.-  The  emtet  Gassendi  The  law  resolution  view  estitbiishes  its  kwation^ 
iu!  (L&iV-I4S^Mb  tmd  the  higher  maiuHon  pkw,  (b)  (L(kTP-14Sdi2i, 
reveah  its  relation  to  the  ad^eent  mmw.  The  stereo  pair,  (c I md  (dj,  pmmdes 
a closer  look  at  the  central  peaks  and  crater  floor.  The  fmmekt  width  m (b) 
corresponds  to  i2km;  those  in  (cj  and  fdl  to  4Mkm.  The  wMfk  of  (a) 
represet m 770  km  on  the  lunar  mrface.  See  figure  12,  Seknolo^%  for 
discussion. 
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Opposite: 

Fmre  - The  smthem  MfofGmendi  (laV-1 77Mfmmekt  w^ih  i$  4 kml 
Ike  complex-  fixture  sysfmt  is  in  eontrmt  io  the  smdi  nmrow  cmck$  on  the 
floor  of  Cbpemieus.  Mem  m.meriai  hm  bem  empkeedl  between  ike  wdljrim 
and  the  edge  of  the  floor.  The  smme  of  tht  ima  is  believed  to  hope  been 
dem  ed  thrm^t  vents  within  Gmsendi  Mumination  is  from  the  top  (emtf. 


OpF  '^te: 

Figtirc  7.-  A chse^p  of  the  wwe-flHrd  regions  mui  the  hummock}*  floor 
(LO-V-177-HJ  f si  meted  in  the  upper  cefthr  of  figure  6.  The  relatively 
smooth  mare  surface  is  in  contras*  to  The  highly  icxmred  floor.  The  density 
of  small  craters  is  variabk  across  both  surfaces,  but  in  many  regions,  it  is 
hwr  on  the  crater  floor  than  on  the  mare  units.  This  contradiction  between 
stratigraphic  age  and  apparent  cratering  age  is  probably  the  result  of  more 
rapid  degradation  on  the  textured  floor  unit.  Framekt  width  corresponds  to 
approximately  0.35  km;  illumination  is  from  rhe  top  (east). 
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t-  Cmmi  pefOc  mtdl  fimmm  wmin  QmmiM  {LOV~l794t3^  the 
texmred  floor  at  tfm  rmOatkm  (frnnAt  933  kmjl  s3mtld  ba  com- 

pared  to  Oae  floor  of  Co^mkm  (flg.  3f  Note  the  mbdktd 

of  flmfimtimmad  9te  rc^pdUke  feature  m if$  floor  (itpper  r^tl 
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TABLE  I.- COMPARISON  OF  COPERNICUS  AND  GASSENDI 


COPERNICUS 


GASSENDI 


FLOOR  1.  Multiple  central  peaks  ^^lidges). 

2.  Two  distinct  floor  units:  one  rela- 
tively flat,  the  other  hummocky, 

3.  The  floor  generally  overiaps  the  wall. 

4.  Volcanolike  cones  and  rimless  pits 
on  the  flat  floor,  suggesting  voicanic 
p rocesses  (see  medium  and 
resolution  photographs), 

5.  Small  fractures  (high^esolution 
photos),  several  surrounded  by 
smooth-surfaced  deposits  (thou^t 
to  represent  pyroclastic  debris), 

6.  Numerous  dcunes  surrounded  by 
depressions  or  “moats”  (hi^  resolu- 
tion photos). 

7.  Boulder  trails  down  central  pc^. 

8.  Variety  of  small  crater  appearances: 
from  blocky  to  highly  subdued. 


1.  Shallow  floor  with  numerous 
fractures. 

2.  Central  peaks  (elevation  is  just  below 
crater  rim). 

3.  Smooth  marc  units  within  moatlike 
depression  closest  to  mare. 

4.  Contrasting  floor  surfaces  with  mark- 
edly different  crater  densities. 

5-  Highly  textured  surfaces  (high- 
resolution  photos). 

6.  Ridge  on  edge  of  floor  adjacent  to 
mare-filled  depression  (remnants  of 
base  of  wall). 


1 . Extensive  slumping  and  slides. 

2.  Flow  features  extending  down  the 
wall  and  apparently  originating  in 
rimless  elongate  depressions.  Flows 
may  have  been  molten  or  landslide 
debris. 

3.  Smooth-surfaced  “pools”  on  the  ter- 
races, several  of  which  exhibit  flow 
patterns  and  fractures. 


1.  Highly  subdued  wall  slumps  on 
western  and  northern  walls. 

2.  Absence  of  wall  slumps  in  moat 
region. 


1.  Division  into  three  zones:  first  zone 
nearest  rim  crest  characterized  by 
annular  fractures  and  smooth- 
^rfaced  units  in  local  depressions. 

2.  Second  zone:  annulus  around  first 
zone;  hummocky  dunclike  terrain. 

3.  Third  zone:  beyond  second  zone; 
numerous  secondary  craters  with 
“herringbone”  pattern;  extensive  ray 
system  (not  alw,tys  radial  to 
Copernicus). 


1.  Absence  of  ray  system  and  ejecta 
sequence  comparable  to  Copernicus. 

2.  Relatively  symmetric  rim/wall  ridge 
adjacent  to  miiC  — in  contrast  to 
subdued  rim  profile  adjacent  to 
highlands. 
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TABLE  1.- COMPARISON  OF  COPERNICUS  AND  GASSENDI 


COPERNICUS 


GASSENDI 


FLOOR  1. 

2. 


3. 

4. 


5. 


6. 


7. 

8. 


WALL  I. 

2. 


3. 


RIM  1. 


2. 

3. 


Multiple  central  peaks  fridges). 

Two  distinct  floor  units:  one  rela- 
tively flat,  the  other  hummocky. 

The  floor  generally  overlaps  the  wall. 
V(4can<dike  cones  and  timtess  pits 
on  the  flat  floor,  suggesting  voicanic 
processes  (see  medium  and  hi^ 
resolution  photographs). 

Small  fractures  (hi^Mesotution 
photos),  several  surrounded  by 
smooth-surfaced  dep<»ts  (thou^t 
to  represent  pyroclastic  debris). 
Numerous  d(»nes  surrounded  by 
depressions  or  “moats”  (high  resolu- 
tion photos). 

Boulder  trails  down  central  peak. 
Variety  of  small  crater  appearances: 
from  biocky  to  hi^ly  subdued. 

Extensive  slumping  and  slides. 

Flow  features  extending  down  the 
wall  and  apparently  originating  in 
rimless  elongate  depressions.  Flows 
may  have  been  mdten  or  landslide 
debris. 

Smooth-surfaced  “pools”  on  the  ter- 
races, several  of  which  exhibit  flow 
patterns  and  fractures. 

Division  into  tliree  zones:  first  zone 
nearest  rim  crest  characterized  by 
annular  fractures  and  smooth- 
surfaced units  in  local  depressions. 
Second  zone:  annulus  around  first 
zone;  hummocky  dunelike  terrain. 
Third  zone:  beyond  second  zone; 
numerous  secondary  craters  with 
“herringbone”  pattern;  extensive  ray 
system  (not  always  radial  to 
Copernicus). 


1.  Shallow  floor  with  numerous 
fractures. 

2.  Ontral  peaks  (elevation  is  just  below 
crater  rim). 

3.  Smooth  mare  units  within  moatlike 
depresaon  closest  to  mare. 

4.  Contrasting  floor  surfaces  with  maric- 
edly  different  crater  densities. 

5.  Highly  textured  surfaces  (hi^- 
resolution  photos). 

6.  Ridge  on  edge  of  floor  adjacent  to 
mare-filled  depression  (remnants  of 
base  of  wall). 


1.  Highly  subdued  waU  slumps  on 
western  and  northern  walls. 

2.  Absence  of  wall  dumps  in  moat 
region. 


1.  Absence  of  ray  system  and  ejecta 
sequence  comparable  to  Copernicus. 

2.  Relatively  symmetric  rim/wall  ridge 
adjacent  to  muie  — in  contrast  to 
subdued  rim  profile  adjacent  to 
highlands. 
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N75  13764 


Planetary  Geology 

IMPACT  CRATER  EXPERIMENTS 
Ronald  Greeley 

University  of  Santa  Clara,  Santa  Clara,  Calif.  9S0S3 


OBJECTiVE:  To  learn  the  mechanics  of  impact  cratering. 


METHOD.  Observations  of  laboratory^roduced  craters  and  Him  of  hypeivelocity  experi- 
ments; comparative  analyses  of  lunar  craters. 

MATERt/  L:  Sand-fiUed  tray,*»ipply  of  dyed  sand,  slingshot,  projectiles,  scale,  cross-sections  of 

hypervelocity-produced  craters,  and  lunar  photographs. 


Prepare  a smooth,  flat  sand  surface  by  scrapmg  the  board  across  the  sand  tray.  Ask  instructor 
to  *mplnce  a layer  of  dyed  sand  over  the  prepared  surface.  Divide  the  target  area  into  four  (4) 
sections. 


1.  In  one  quarter-section,  produce  a crater  uang  the  slingshot  to  launch  a 6 mm  projectile 
fired  nomial  (at  90°,  or  vertical)  to  the  target  surface.  Sketch  a plan  (map)  view  and  cross  action  of 
the  c ater.  Be  sure  to  sketch  the  pattern  of  the  light-colored  sand  around  the  crater.  This  material  is 
ejecta . Where  did  it  come  from? 


'*vhat  would  you  expect  to  find  beneath  the  ejecta? 


Would  you  expect  the  ejecta  to  be  of  equal  thickness  everywhere?  What  is  its  dbtribution  and 
thickness  'tn  relation  to  the  crater? 


2.  In  the  second  irter-section,  produce  a crater  with  a 6 mm  projectile  launched  at  about 
6S°  to  the  surface  (estimate  the  angle).  Sketch  the  crater.  Is  there  a marked  difference  between  the 
two  craters  or  ej'''  ta  patterns? 

3.  In  ^ne  third  quarter-section,  produce  a crater  with  a 6 mm  projectile  launched  at  about  40° 
to  the  sn*-tace.  Be  sure  no  one  is  “down  range**  in  case  the  projectile  ricochets.  Sketch  the  crater. 

>.  In  he  fourth  quarter-section,  produce  a crater  with  a 6 mm  projectile  launched  at  about 
''-10°  to  the  surface.  Pe  sure  no  one  is  “down  range**  in  case  the  projectile  ricochets.  Sketch  the 
crater.  Note  the  asytametric  cross  section. 


° 100|i  sand  r : ^commended.  Sand  can  by  dyed  easily  by  mixing  it  with  dry  powdered  tempera  paint. 
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S.  Examine  the  sand  craters  and  your  sketches.  What  are  the  relationships  between  impact 
angle,  crater  morphology  (shape,  form),  and  ejecta  distribution? 


6.  Examine  the  photograph  of  the  lunar  crater  Messier.*  What  interpretations  can  you  make 
concerning  its  formation?  Did  the  projectile  which  formed  Messier  enter  from  the  east  or  west? 


The  next  section  deals  with  the  relationships  of  projectile  mass  (weight)  and  velocity  (average 
speed)  to  crater  size. 

7.  Recover  the  projectiles  from  the  experiments  above  and  thoroughly  mix  the  dyed  and 
undyed  sand  to  produce  a uniform  mixture.  Smooth  the  target  surface  with  the  board.  The  remain- 
ing experiments  will  be  performed  without  a dyed  upper  layer  of  sand. 

Produce  four  (4)  craters  on  the  smooth  target  surface,  using  8 mm  projectiles.  Make  the  first 
crater  by  dropping  the  projectile  from  a height  of  10  cm  above  the  surface,  the  second  crater  from  a 
height  of  2 m.  The  third  projectile  should  be  launched  from  the  slingshot  extended  23  cm  (9”);  the 
fourth,  from  the  slingshot  extended  36  cm  (14”).  Mass  of  projectile  = 2 grams. 

Complete  the  following  table: 


Velocity  **  Crater  diameter 

Shot  1 2 cm/sec  

Shot  2 200  cm/sec  

Shot  3 1000  cm/sec  

Shot  4 3000  cm/sec  

8.  Recover  the  projectiles  and  smooth  the  target  surface  with  the  board.  Produce  three  (3) 
craters  by  dropping  4 mm . 9 mm,  and  1 8 mm  steel  projectiles  from  a height  of  2 m above  the  target 
surface.  Record  the  crater  diameter. 


*See  figure  18  “Impact  Craters.” 

**  Approximate 
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Mass 


Crater  diameter 


Shot  1 (4  mm) 

.34 

Shot  2 (9  mm) 

3.52 

Shot  3 (18  mm) 

28.14 

9.  Recover  the  projectiles  and  smooth  the  target  surface  with  the  board.  Produce  three  (3) 
craters  by  dropping  18  mm  steel,  glass,  and  hollow  aluminum  projectiles*  from  a height  of  2 m 
above  the  target  surface.  Record  the  crater  diameter. 

Mass  Crater  diameter 

Shot  1 (steel)  28.14  

Shot  2 (glass)  8.07  

Shot  3 (hollow  aluminum)  2.37  


10.  From  observations  of  your  experiments,  answer  the  following  questions  concerning 
impact  cratering: 

a.  In  producing  craters,  which  is  more  important,  projectfle  diameter  or  projectile  mass"t 


b.  What  is  the  relationship  between  projectile  velocity  and  crater  size? 


Impacts  imrolve  the  transfer  of  energy  from  the  projectile  to  the  target.  Kinetic  energy  (energy  in 
motion),  K.E.  = Vi  mv^ , where  m = mass  (weight)  and  v = velocity.  The  above  exercises  involved 
iow  velocity  impacts  (maximum  velocities  of  only  a few  meters  per  second).  Natural  impact  events 
commonly  occur  at  velocities  of  more  than  \Q  kilometers  per  second  (22,500  mph!);  “projectile” 
mass  (meteorites)  may  be  several  kilotons. 


1 1.  Determine  the  amount  of  energy  involved  in  producing  the  crater  for  “Shot  2”  of  Ques- 
tion 7. 


K.E.  = Vi  mv^ 


•Projectiles  available  from  Industrial  Techtronics,  P!0.  Box  1128,  Ann  Arbor,  Michigan  48106. 
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12.  Detennine  the  kinetic  energy  for  an  iron  meteorite  20  m in  diameter  (mass  = 
3.34  X 10'®  g),  impacting  at  a velocity  of  10  km/ sec.  For  comparison,  1 kiloton  of  TNT  = 
4.2  X 10*’  ergs. 


13.  Investiption  of  hypervelocity  (high  velocity)  impacts  requires  extensive  laboratory  equip- 
ment. Your  instructor  will  explain  hypervelocity  impact  studies  performed  at  NASA-Ames  and 
show  high  speed  motion  pictures  of  impact  events  produced  by  a Hydrogen  Gas  Gun. 

View  the  film  and  note  the  sequence  of  events  in  crater  formation.  The  flash  of  light  seen 
during  the  initial  stage  of  impact  resulted  from  “impact-shocked”  electrons  shifting  from  one  orbit 
to  another  within  the  molecular  structure  of  the  sand.  A significant  part  of  the  kinetic  energy  of 
impacting  projectiles  is  transformed  to  heat.  This  heat  often  melts  part  of  the  target  or  planetary 
surface.  Explain  the  geological  significance  of  this  fact. 


Examine  thw  slabs*  prepared  from  targets  impacted  in  the  NASA-Ames  light  gas  gun.  In  the 
space  below  sketch  the  “rock”  layers. 


a.  Is  the  crater  rim  higher,  lower,  or  the  same  level  as  the  original  target  surface? 

b.  Trace  the  uppermost  “formations”  (colored  sand  layers)  through  the  rim.  What  hap- 
pens to  these  units? 

c.  Are  the  units  in  the  crater  walls  of  uniform  thickness? 

d.  What  happens  to  the  units  beneath  the  crater  floor? 

14.  Examine  the  filmt  and  photograph**  of  “Mare  Exemplum”  produced  at  NASA-Ame. 
Research  Center. 

a.  Pick  out  a large  crater  and  describe  the  changes  that  occur  as  it  “ages”  with  time. 


*See  tlgure  10(a)  “Impact  Craters.” 

**See  figure  1 7 “Impact  Craters.” 

tpilm  “Mare  Exemplum”  available  from  Public  Affairs,  NASA-Ames,  Moffett  Field,  CA. 
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b.  Select  a large  crater  formed  late  in  the  sequence.  How  does  its  ejecta  alter  the  sur- 
rounding surface? 


c.  Is  impact-K^ratering  an  effective  ero^e  process?  Would  it  be  as  effective  on  Earth  as  on 
the  Moon?  On  Mars? 


d.  Considering  the  lunar  surface,  would  it  be  posable  to  obtain  “relative”  age  dates  for 
different  geological  units  on  the  basis  of  crater  statistics?  Could  you  obtain  “absolute”  ^ 
dates?  Explain. 
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Planetary  Geology 

GEOLX)GIC  MAPPING  EXERCISE 
Ronald  Greeley 


OBJECTIVE:  To  produce  a lunar  photogeologic  map. 

METHOD;  Following  the  procedures,  mapping  methods,  and  time  scale  outlined  by  Wilhelms 
(1970,  1972),  a geologic  map  is  to  be  made  for  a part  of  the  lunar  surface.  Units 
should  be  placed  in  the  lunar  time  scale,  described,  and  their  possible  origins 
discussed. 


The  instructor  will  show  the  solution  at  the  conclusion  of  the  exercise. 

MATERIALS:  Glossy  photographs  of  the  map  site  (DO  NOT  MARK  OR  MAR!),  lithographic 

copy  of  map  site,  chart  for  unit  descriptions. 


1.  Examine  the  photographs  of  the  mapping  site  and  determine  tentative  geolo^c  units. 

2.  Sketch  possible  contacts  on  one  copy  of  the  map  site. 

3.  Place  units  in  relative  time  sequence.  Check  contact  relations  against  the  age  sequence. 

4.  Check  the  validity  of  the  map  by  drawing  cross^ctions  through  the  area.  Remember  that  a 
geologic  map  (in  contrast  to  a geomorphic  map)  shows  three-dimensional  rock  units. 


5.  Finalize  contacts  on  second  copy  of  map.  Complete  the  chart  for  unit  descriptions,  placing 
units  in  proper  age  sequence.  Use  the  appropriate  symbols  for  the  units  on  the  map  and  chart.  Offer 
possible  explanations  for  the  origin  of  each  unit. 
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oldest 


youngest 
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Produce  a geologic  sketch  map  on  the  attached  lithographic  copy  of  a lunar  photograph;  draw  the  contacts  (lines,  or  boundaries) 
between  the  major  formations.  At  least  five  major  units  are  to  be  defined.  Identify  the  units  with  appropriate  symbols  and  com- 
plete the  chart  below: 
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Planetary  Geology 
LUNAR  SAMPLES 
Ronald  Greeley 

OBJECTIVE;  To  become  familiar  with  the  mineralogy  and  petrology  of  lunar  surface  rocks. 

METHOD:  Familiarization  with  common  rock  textures  and  structure  as  related  to  their  mode 

of  formation;  comparison  of  terrestrial  rocks  with  lunar  samples  througti  the  use 
of  thin  sections  dlld  “pseudo-sections.” 

The  instructor  will  review  the  main  categories  of  rocks  and  processes  leading  to  their  formation 
as  illustrated  through  the  Rock  Cycle.  In  addition,  he  will  discuss  the  technique  of  ; thin 
sections  to  analyze  rocks. 

1.  Using  both  normal  and  polarized  light,  examine  thin  sections  A,  B,  C,  and  D . ......uton 

terrestrial  rocks)  and  record  your  observations  on  the  chart.  When  you  are  completed,  ask  instructor 
to  check  your  results,  then  be  certain  that  you  can  recognize  the  characteristic  textures  for  igneous 
(plutonic  and  volcanic),  sedimentary,  and  metamorphic  rocks. 

2.  Examine  pseudo-section  3 and  record  your  observations  on  the  chart.  This  is  a section 
through  a pyroxene  crystal  (cross  polarizers)  taken  from  the  rock  suevite  from  the  Ries  Basin, 
Germany.  The  deformation  lamellae  (linear  structures)  resulted  from  high-pressure  shock  waves 
generated  by  the  impact  that  created  the  Ries  Basin  (size  of  original  0.32  X 0.22  mm). 

3.  Examine  pseudo-section  4 and  record  your  ob^«vations  on  the  chart.  This  is  a section  of  a 
glass  bomb  from  the  Ries  Basin,  found  within  suevite.  It  shows  schlieren  (yellow  flow  patterns), 
bubbles  (round,  white  areas)  and  mineral  fragments  (white,  angular  material).  (Size  of  original 
0.79  X 0.55  mm.) 

Explain  how  this  material  could  form  during  impact: 


4.  Examine  photographs  AS  1 1-45-6707  and  AS  1 1-45-6708  through  the  stereoviewer.  These 
were  taken  by  the  Apollo  1 1 astronauts  of  the  lunar  surface;  each  photo  covers  an  area  a few 
centimeters  square.  Describe  the  physical  character  of  the  lunar  surface: 

Where  did  the  fragmental  material  come  from? 

The  shiny  material  coating  the  rock  fragments  is  glass.  Where  did  it  come  from? 
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Explain  the  origin  of  the  irregular  vesicles  in  the  rocks  in  the  bottom  of  photographs 
AS  1 1-45-6708. 


5.  Examine  lunar  sample  pseudo-sections  122,  125,  and  126.  The  round  objects  were  recov- 
ered from  the  lunar  “fines,”  or  soil;  they  are  commonly  1.0  mm  or  less  in  diameter.  The  lack  of 
iniemal  structure  (crystal  form)  identifies  them  as  glass  objects.  Why  do  they  have  a rounded  shape; 
how  might  they  have  formed? 


Notice  the  small  pock-marks  on  slide  1 22.  What  might  they  be? 


6.  Examine  pseudo-aection  135  (crossed  polarizers)  and  note  your  observations  on  the  chart. 
Size  of  original  C '7  X 0.64  mm . It  is  a thin  section  of  lunar  material  and  contains  feldspar  (plagio- 
clase)  pyroxene. 

It  most  closely  matches  terrestrial  rock  . 

7.  Examine  pseudo-section  142  (crossed  polarizers)  and  note  your  observations  on  the  chart. 
Size  of  original  0.09  X 0.06  mm.  It  is  a thin  section  of  lunar  material. 

It  most  closely  matches  terrestrial  rock  . 

8.  Examine  pseudo-section  I.'.3  (original  0.38  X 0.25  mm),  section  141  (original 
2.9  X 1,9  mm),  and  strew  slide  121,  all  of  lunar  material.  Describe  sections  123  and  141  and  record 
your  observations  on  the  chart. 

Do  you  see  a possible  genetic  relation  between  123, 141  and  121?  Explain. 


How  might  the  rock  of  sections  l4l  and  123  have  formed? 


9.  From  your  examination  of  this  material,  give  a summary  of  the  rock  type«  found  on  the 
lunar  surface  and  the  geologic  processes  that  led  to  their  formation. 
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H75  13767 


Planetary  Geology 

APOLLO  LANDING  SITE  EXERCISE 
Ronald  Greeley 


INSTRUCTOR  NOTES 

1.  Om  exercise  enables  the  student  to  use  the  information  gained  in  lunar  geology  toward  the 
solution  of  a practical  problem.  To  be  effective,  the  exercise  should  be  given  toward  the  end  of  the 
course  so  that  the  students  have  suflkien'  background  in  lunar  geology. 

Using  reference  materials  for  a genentl  landing  site  (e.g.,  the  crater  Copernicus),  a ^>ecific 
landing  site  is  to  be  selected  and  geological  traverses  planned. 

2.  The  exercise  can  be  handled  several  different  ways,  depending  upon  the  class  and  available 

time: 


Option  A.  Students  work  individually,  all  on  the  same  general  site  (e.g.,  Cc^emicus, 

Marius  Hills,  etc.). 

Option  B.  Students  work  individually,  each  on  a different  general  site. 

Option  C.  Students  woiic  in  groups  of  3 to  S,  all  on  the  same  general  site. 

Option  D.  Students  work  in  groups  of  3 to  S,  each  group  on  a different  general  site. 

3.  Regardless  of  option  selected,  the  assignment  could  be  made  for  either  outside  work  or  as 
lab  work  ^or  two  or  three  lab  periods. 

4.  If  time  permits,  the  Ia.st  lab  session  could  be  used  for  the  presentation  of  various  sites 
selected,  during  which  the  site  and  scientific  rationale  of  the  selection  could  be  defended  and 
debated  as  an  open  forum. 

5.  The  main  part  of  the  exercise  should  be  the  photogeologic  analysis  and  mapping,  frcrni 
which  the  specific  landing  site  and  geological  travers«.s  are  derived.  The  listing  of  the  “capabilities” 
of  the  Orbiting  CM-SM  and  the  surface  experiments  are  secondary  to  the  photogeology.  The 
inclusion  of  this  material  is  twofold:  fu^t,  it  requires  the  student  to  gain  some  understanding  of 
remote  sensing  techniques  and  geophysical  instruments,  and  second,  the  type  of  geological  data  that 
can  be  gained  with  the  various  instruments  (heat  flow,  subsurface  structure,  etc.)  will  influence  the 
site  selection. 

Student  level  and  capability  as  well  as  available  time  will  determine  the  emphasis  placed  on  the 
“non-photogeologic”  aspects  of  the  exercise. 
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6.  Cwdidate  sites  are  presented  in  the  mateiid  that  follows.  These  are  some  of  the  general 
sites  that  were  conadered  during  the  Apollo  program  as  potential  landing  areas.  For  each  site,  lists 
arr  given  for  available  maps  and  photographs.  Material  best  suited  for  the  exercise  is  indicated  with 
an  asterisk  and  the  best  photographs  are  reproduced,  niotographs  can  be  obtained  at  cost  from  the 
National  Space  Science  Data  Center  and  maps  from  the  Superintendent  of  Documents. 

7.  Site  material  for  each  student  or  ^up  should  con^t  of: 

A.  U.S.G.S.  Geological  Map,  1 : 1 ,000,000,  covering  the  general  area. 

B.  LAC  1 : 1,000,000  charts  for  ^neial  area. 

C.  Base  Miy>  or  Lunar  Oibiter  Photograph.  Students  prepare  their  geologic  map,  landing 
site,  and  geological  traverses  on  this  base,  using  tracing  paper. 

D.  Reference  photos  and  maps  (other  Orbiter  and  Apollo  photos,  etc.). 

8.  An  abbreviated  and  modified  form  of  this  exercise  could  be  given  as  a final  examination 
(probably  a **take-home”  exammation). 
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Planetary  Geology 

APOLLO  LANDING  SITE  EXERCISE 


Ronald  Greeley 


1.  OBJECTIVES 

To  select  an  Apollo  landing  site  by  applying  your  current  knowledge  of  lunar  geolt^  to  the 
analy^  of  lunar  data,  photographs,  and  maps. 


n.  MATERIALS 

Sets  of  photographs,  lunar  charts,  1 : 1,000,000  geological  map(s)  and  reference  material. 


ill.  HYPOTHETICAL  SITUATION 

Assume  that  there  have  been  only  three  lunar  landings  (Apollo  11. 12,  and  14)  and  that  there 
is  to  be  only  one  more  landing  — the  one  that  you  are  to  plan.  You  must  select  the  ate  and  plan  the 
mission  to  derive  maximum  geological  data  and  to  solve  as  many  lunar  problems  as  possible. 


IV.  CAPABILITIES 

(See  reference  material  for  instrument  descriptions.) 

A.  Orbiting  CMSM  (Command  module  — service  module)  will  have  the  following  instruments: 

Gamma-ray  spectrometer.  X-ray  spectrometer,  mass  spectrometer,  infrared  scanning  spec- 
trometer, lunar  sounder,  panoramic  camera,  mapping  camera. 

B.  Lunar  module  (LM) 

1.  ALSEP  (Apollo  lunar  surface  experiment  package):  lunar  active  and  passive  seism om- 
*>ters,  lunar  heat  flow,  triaxis  magnetometer,  lunar  atmosphere  composition. 

2.  Other  experiments:  geology  investigation,  surface  electrical  properties. 

3.  Ijinar  rover:  3 EVA  (extravehicular  activity)  traverses,  each  cannot  be  more  than 
10  km  long,  round  trip. 

C.  Engineering  constraints: 

The  Apollo  spacecraft  travels  in  an  inclined  equatorial  orbit  from  east  to  west.  The  LM 
separates  from  the  CM-SM  and  begins  its  descent  hundreds  of  miles  from  the  i.inding  site. 
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bringing  the  LM  into  the  site  on  a very  low  approach  angle.  The  astronauts  must  have  a clear 
view  of  the  landing  site  during  approach.  Therefore,  the  landing  site  must  not  have  high,  stee, 
mountains  on  its  east  side.  The  site  must  be  fairly  smooth,  level,  and  free  of  large  boulders. 

V.  REQUIREMENT 

Under  the  conditions  described  above,  you  are  to  prepare  a report,  “Geological  Analysis  of 
Apollo  Landing  Site.”  The  report  should  con^t  of  the  following  parts: 

A.  Objective. 

A simple  statement  of  the  mission  objective(s).  What  specific  lunar  problemspott  Ily 
could  be  solved? 

B.  Regional  Geology. 

Describe  the  broad  geologic,  physiographic  and  structural  setting  of  the  area. 

C.  Site  Selection. 

Select  the  exact  landing  site  within  the  general  area  indicated.  Use  the  clear  plastic  sheet 
with  the  10  km  diameter  circle  (range  of  the  Lunar  Rover)  to  select  the  best  site. 

D.  Site  Geology. 

Describe  the  local  geology  of  the  sue  (physiography,  stratigraphy,  structure).  Prepare  a 
detailed  geologic  map  showing  landing  site. 

E.  Detailed  Flan. 

Devise  3 Rover  EVA’s  (10  km  round  trip)  and  2 foot  EVA’s  (1.5  km  round  trip)  on  the 
site  map.  Describe  the  specific  objectives  of  each  EVA,  show  stations  along  each  traverse  and 
discuss  the  duties  to  be  carried  out  for  each  station. 

F.  Summary. 

Which  of  the  following  geological,  geochemical  and  geophysical  problems  will  this  site 
potentially  solve: 

1.  Chronology 

a.  “Original  crust” 

b.  Origin  of  major  mare  basins 

c.  Mare  flooding 

d.  Post-mare  time  scale 

2.  Composition 

a.  “Primitive”  rocks 

b.  Deep-seated  rocks 
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c.  Differentiated  rocks 

d.  Transient  events 

e.  Atmosphere 

3.  Processes 

a.  Cratering 

(1)  Impact 

(2)  Volcanic 

(3)  Chain 

b.  Transport 

(1)  Ejecta 

(2)  Gravity 

c.  Volcanic-Tectonics 

(1)  Fault 

(2)  Dome 

(3)  Flows 

(4)  Rules 

(5)  Ridges 

(6)  Seismicity 
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COPERNICUS 


Geological  Description 

Copernicus  (9'’52'N,  19“55'W)  is  a relatively  young,  very  large  bright-rayed  probable  impact 
crater  approximately  95  km  in  diameter  and  located  south  of  Mare  Imbrium.  The  primary  objective 
of  the  mission  to  the  floor  of  the  crater,  4 km  below  the  crater  rim  is  the  examination  of  the  central 
peaks  and  the  crater  floor  material.  The  central  peaks  (800  meters  high)  probably  are  composed  of 
deep-seated  material.  Samples  from  the  central  peaks  could  aid  in  determining  the  internal  charac- 
teristics of  the  moon.  Examination  of  the  domes  and  textured  material  of  the  crater  floor  could 
provide  an  understanding  of  the  process  of  crater  floor  flUing  and  help  to  clarify  the  role  of 
volcanism  in  post-impact  crater  modification.  Age  determinations  of  the  central  peak  material,  the 
cratering  event,  and  the  subsequent  crater  till  material  will  aid  in  understanding  the  origin  and 
modification  of  large  impact  craters. 

Scientific  Objectives 

1.  Sampling  the  central  peaks  materials  with  emphasis  on  variations  in  texture  or  appearance. 

2.  Study  the  structures  within  the  central  peaks  and  the  relationships  between  the  peaks  and 
floor  materials. 

3.  Sample  the  floor  materials. 

4.  Sample  and  study  domical  hills  within  the  floor. 

5.  Emplace  geophysical  instruments  and  monitering  experiments  of  the  distant  wall  terraces. 
Reference  Material 

Photography: 

Mission  Frame  Number 

Orbiter  II  M,  H-162  (oblique) 

OrbiterlV  H-121  (2/3) 

-121  (1/3) 

-126(2/3) 

-126(1/3) 

Orbiter  V M.H-150 

-151 

-152 

-153 

-154 

-155 

-156 

-157 


Mission 

Magazine 

Frames 

Film  Size 

Apollo  12 

Q 

7535 

70  mm 

Apollo  12 

Q 

7541 

70  mm 

546 


Cartography; 


Type  Map 

Topographic 

Geological 


Photomosaic 

TOPOCOM 


Item 

1AC58 

Copernicus  (LAC  58) 

H.  H.  Schmitt,  N.  J.  Tra?k 
and  E.  M.  Shoemaker,  1967. 
uses  Map  1-515 
Copernicus  V-37 
Orb  V-37  (200) 


Scale 

1,000,000 

1,000,000 


200,000 
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MARIUS  HILLS 


Geological  Description 

The  Marius  Hills  (14“36'N,  56”34'W)  are  a series  of  domes,  cones  and  rilles  of  Eratosthenian 
material  located  northwest  of  the  crater  Marius  near  the  center  of  Oceanus  Procellarum.  The 
morphologic  units  which  comprise  these  hills  are  analogous  in  form  and  sequence  to  terrestrial 
volcanic  complexes  which  display  a wide  spectrum  of  rock  compositions  and  ages.  The  various 
geologic  units  suggest  that  a prolonged  period  of  volcanic  activity  has  occurred  in  the  Marius  Hills 
area  and  that  magmatic  differentiation  has  produced  a spectrum  of  rock  types  and  a series  of 
volcanic  landforms  displaying  characteristic  structural  relation^ips.  Therefore,  the  primary  objec- 
tives of  a mission  to  the  Marius  Hills  are  to  study  the  geologic  units  in  order  to  establish  the  extent 
and  age  of  possible  magmatic  differentiation  and  to  determine  the  structural  relation^ps  of  vol- 
canic landforms  in  the  maria. 

Scientific  Objectives 

1.  Sampling  the  variety  of  volcanic  domes  and  cones  present  in  the  area  to  collect  evidence  for 
differentiation  of  lunar  materials  and  its  extent. 

2.  Sampling  and  studying  the  structures  of  the  mare  (wrinkle)  ridges,  sinuous  rilles,  and 
rimless  depressions  in  the  area. 

3.  Sampling  the  plateau  plains  material. 

4.  Emplacing  and  conducting  geophysical  experiments. 

5.  Obtaining  high  resolution  photography  on  this  high  inclination  mission  of  the  western  part 
of  the  moon’s  nearside. 

Reference  Material 

Photography: 

Mission 

Orbiter  IV 
Orbiter  IV 
Orbiter  V 


Frame  Number 

M-150  (2/3) 

M-157  (2/3) 

M,  H-210 

H-211 

H-212 

H-213 

H-214 

H-215 

H-216 

H-217 
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Cartography; 


Type  Map 

Topographic 

Geologic 


Photomosaic 

TOPOCOM 


Item 
LAC  56 

Hevelius  (LAC-56) 

J.  F.  McCauley,  1967 
uses  Map  1491 
Marius  F (V51) 


Scale 

1,000,000 

1,000,000 

1:250,000 
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HYGINUS  RILLE 


Geological  Description 

The  crater  Hyginus  (8**08'N,  6°24'E)  is  located  south-soudieast  of  Mare  Vaponun  at  the 
juncture  of  the  two  brandies  of  the  Hyginus  linear  lille.  The  crater  is  10  km  in  diameter  and  is 
characterized  by  a very  low  rim  and  numerous  domical  hills  on  the  crater  Coor.  Two  linear  riUe 
oranches  of  Rima  Hyginus  trend  northwest  and  east  and  are  characterized  by  associated  chains  of 
low-rimmed  craters.  Rima  Hyginus  appears  to  be  a structural  graben,  formed  in  Imbrium  plains- 
forming  units.  The  northwest  rille  segment  is  in  the  Cayley  Formation.  Smooth  plains-foiming  units 
surrounding  Hyginus  Crater  may  be  of  volcanic  origin  and  closely  related  to  the  origin  of  the  crater. 
The  eastern  rille  segment  is  in  a wideqiread  upland  plainsfoiming  unit  (possibly  Cayley)  whose 
origin  is  not  well  understood.  The  craters  associated  with  Hyginus  rille  are  morpholi^ically  simflar 
to  terrestrial  volcanic  craters  known  as  maars.  On  Earth,  deposits  associated  with  this  type  of 
volcanic  crater  often  contain  samples  brought  up  from  deq>  within  the  mantle.  The  primary  objec- 
tives at  this  landing  site  are  the  sampling  of  possible  deep-seated  material  and  the  plains-foiming 
material  in  the  vicinity  of  Hyginus  crater  and  rille. 


Scientific  Objectives 

1 . Sampling  the  ejecta  fields  of  the  crater  Hyginus  or  the  associated  lobate  crater. 

2.  Samplmg  the  ejecta  fields  of  the  crater  chains  associated  with  Rima  Hyginus  in  search  for 
xenoliths  or  deep-seated  rock  fragments. 

3.  Sampling  the  plains-forming  (Cayley  Formation)  materials  in  the  vicinity. 

4.  Studying  the  structures  along  the  walls  of  Rima  Hyginus  in  search  for  layering  or  banding. 

5.  Emplacing  geophyacal  experiments. 

Reference  Material 
n>otography: 


Mission 

Orbiter  III 
Orbiter  IV 


Orbiter  V 


Apollo  10  S 

S 

R 

R 

R 

R 

♦ R 

* Recommended 


Frame  Number 

H-73  (obUque) 

-97  (2/3) 

-97  (3/3) 

-102  (2/3) 

-102  (3/3) 

M and  H-94 
-95 
-96 
-97 

481  !♦  voblique) 
4813 

4648 

4649 

4650 
4651* 

4652 


555 


Cartography: 


Type  Map 

Topographic 

Topographic 

Topc^phic 

Geologic 


Fhotomcsaic 

Topocom 

Fhotomap 

Topocom 


Item 

LAC  59 
AIC59B 
AIC59C 
Mare  V^nim 
(LAC  59) 
D.WOhelms,  1968 
uses  Map  1-548 
Rima  Hyginus 
(V-23.1) 

Rima  Hyginus 


Scale 

1,000,000 

500,000 

500,000 

1,000,000 


200,000 

250,000 
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TYCHO 


Geological  Description  Geological  Description 

Crater  Tycho  (40°56'S,  U^^'W)  ts  a very  young  impact  crater  85  km  in  diameter  in  the 
southern  lunar  highlands.  Bright  rays  from  Tycho  ^read  across  the  near  side  of  the  Moon.  A 
minion  to  the  northern  crater  rim  of  Tycho  would  land  in  the  vicinity  of  the  Surveyor  VII 
spacecraft.  Principal  mission  objectives  include  investigation  of  highland  composition  and  of  fea- 
tures associated  with  a young  large  impact  crater.  The  origin  and  nature  of  the  ejecta,  flows,  and 
^sociated  volcanism  located  on  the  crater  rim  are  of  interest  in  this  regard.  Since  Tycho  is  approxi- 
mately 4 km  deep,  the  ejecta  material  should  provide  samples  from  deep  within  the  highlands.  The 
composition  and  age  of  this  materia]  wiU  provide  important  information  about  the  formation  and 
evolution  of  the  lunar  highlands.  Establishment  of  the  age  of  the  relatively  young  event  which 
produced  Tycho  will  add  an  important  point  to  the  lunar  time  scale. 

Scientific  06/ecfi'ves 

1.  To  sample  the  highland  material  excavated  and  ejected  by  the  impact  event  that  created  the 
crater  Tycho. 

2.  To  sample  and  study  the  post-impact  flows  and  ponds  of  dark  materia). 

3.  To  study  and  sample  the  Surveyor  VII  Spacecraft  and  its  vicinity  including  the  rocks  it 
analyzed  and  the  trenches  it  dug. 

4.  To  emplace  geophyacal  instruments. 

5.  To  obtain  metric  and  hi^  resolution  photography  on  this  hi^  inclination  orbit  mission  to 
the  “southern  highlands.'* 

Reference  Material 

Photography: 

Mission  Frame  Numbe'- 

OrbiterlV  H-!19(2/3) 

-124  (2/3) 

OrbiterV  M,  H-125 

-126 

-127 

-128‘‘' 

Cartography: 


Type  Map 

Item 

Scale 

Type  Copy 

Topographic 

LAC-112 

1,000,000 

Litho 
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HADLEY-APENNINES 


Geological  Description 

Rima  Hadley  (24°57'N,  2°27'E)  is  a V-shaped  lunar  sinuous  rille  which  parallels  the  Apennine 
Mountain  front  along  the  eastern  boundary  of  Mare  Imbrium.  The  rille  is  in  mare  material  of 
Eratosthenian  age.  The  rille  apparently  originates  in  an  elongate  depression  in  an  area  of  associated 
volcanic  domes  and  generally  maintains  a width  of  about  1 km  and  a depth  of  200  meters  until  it 
merges  100  km  to  the  north  with  a second  rille  of  apparent  structural  origin.  The  origin  of  sinuous 
rilles  such  as  Rima  Hadley  is  enigmatic  but  is  probably  due  to  some  type  of  fluid  flow.  The 
Apennine  Mountains  rise  up  to  2 km  from  the  area  of  Rima  Hadley  and  probably  contain  ancient 
material  exposed  during  the  excavation  of  the  Imbrium  basin.  The  determination  of  the  nature  and 
origin  of  a sinuous  rille  and  its  associated  elongate  depression  and  deposits  will  provide  information 
on  an  important  lunar  surface  process  and  may  yield  data  on  the  history  of  lunar  volatiles.  Sampling 
of  Apenninian  material  should  provide  very  ancient  rocks  whose  origin  predates  the  formation  and 
filling  of  the  major  mare  basins. 

Scientific  Objectives 

1.  Sampling  the  pre-Imbrium  materials  of  the  Apennine  Mountain  front  and  studying  the 
structures  and  textures  displayed. 

2.  Sampling  and  studying  the  material  within  the  sinuous  riile  (Rima  Hadley). 

3.  Sampling  the  material  surrounding  the  Hadley  C crater  for  clues  of  its  origiti. 

4.  Sampling  the  mare  material  of  Palus  Putredinis  for  comparison  with  other  mare  samples. 

5.  Emplacing  and  conducting  geophysical  experiments  and  atmosphere  detection  devices. 

Reference  Material 

Photography: 


Mission 


Frame  Number 


Orbiter  IV 


Orbiter  V 


H-102  (3/3) 
-103(1/3) 
-109  (3/3) 
-110(1/3) 
M-H-104 
-105 
-106 
-107 


Stereo  Pan  Frames 

Apollo  15  Rev  27  9425  and  9^30 

9427  9432 

9429  9434 

9431  9436 
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Cartography: 


Type  Map 


Item 


Topographic 

Geologic 


Geologic 


Photomosaic 

TOPOCOM 


LAC41 

Montes  Apenninus 
Region  (41) 

R.  J.  Hackman,  1966 
USGS  Map  1-463 
Apennine-Hadley  Region 
Apollo  15  pre-mission 
M.  H.  Carr,  K.  A.  Howard, 
F.  El-Baz,  1971 
USGS  Map  1-723 
Rima  Hadley  (V26.1b' 


Topographic  Orthophotomap  Hadley 


NASA 


Scale 

1,000,000 

1,000,000 


200,000 

250,000 
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With  pennission,  reprinted  from  JoumaJ  of 
Geological  Education,  vol  XIX,  no.  1 , Jan. 
1971 


Use  of 

Lunar  Orbiter  Photographi 
In  Eartb  Science  Courses 


George  E.  McGiU  ana  raui  A.  Chizook 
University  of  Mausachusetts^  Arrthersi 


[Photographs.  It  has  a particubiy  good  sectkm  on 
crater  charactemtks.  Filially^  tte  geolog^  inap  prov»lcs 
an  citcclletit  overview  of  lunar  geology. 

The  usefulness  of  Orbitcr  photographs  is  great- 
ly enhanced  d their  locations  are  knonpn.  Conse- 
quently^ indexes  for  each  Orbiter  missiofi  plus  some 
sort  of  lunar  chart  are  desirabte  (see  appendix). 
Other  basic  uifonmaiion  such  as  scale,  location  of 
north  etc*  must  be  determined  tor  each  photograph 
by  the  user*  Even  though  lengthy  data  sheets  are  pro- 
vided vith  each  photograph,  some  small  but  import- 
ant details  aie  omitted  and  some  definitions  could  be 
clearer,  Coo:^qtK:oU>%  tte  mmt  important  [Kajaitieters 
and  conventions  are  defined  and  discussed  in  the  fol- 
lowing paragraphs- 


INTRO0UCT1OS 


In  recem  years,  the  aatioital  Aeronautks  and  Space 
Administration  has  generated  a large  volume  of  ma- 
terial of  mterest  to  earth  scientists.  Much  of  it  b emi* 
oently  suitable  for  use  in  ekmentaiy^  earth  scieiKx  and 
geology  courses,  or  in  more  advjinced  anuses  such 
as  stratigraphy*  Thb  material  is  gem^raDy  nc^  diSkailt 
to  obtain,  but  it  is  almost  impossible  for  someoi^  not 
actively  using  it  to  Imow  which  of  the  many  thousands 
of  photographs  are  best  for  geotogk:  studies, 

Thb  paper  suggests  a very  small  number  of 
Lunar  Orbiter  [i^otographs  that  wc  believe  are  su- 
perior for  illustrating  geologic  features  and  die  prin- 
ciples of  stratigraphy  and  historical  geology.  Only 
Ofbiter  photographs  are  considered*  Some  of  Apof- 
1o  pictures  ciu.ently  becoming  available  are  certainly 
spectacular,  but  few  are  as  suitable  as  the  Orbiter 
photographs  for  general  geologic  purposes.  Referei#ce 
to  available  Apollo  pbotograplis  b included  in  the  ap- 
pendix, which  also  includes  inf^^rmation  on  ordering 
Orbiter  photographs,  lunar  maps,  and  otlnr  useful  ma- 
terials. 

Three  boolcs  and  one  general  geologic  map  are 
particularly  useful,  and  should  be  available  to  students 
''or  reference*  These  are:  Mutch  (1970),  Kosofsky 
and  EI-Baz  (1970),  Lowman  (!969).  and  Wilhelms 
and  McCauley  (in  press)* 

Mutch's  book  is  an  excellent  survey  of  lunar  geol- 
ogy which  strongly  emphasizes  :.tratigra[^y  and  his- 
torical geology,  and  which  a good  bibliography. 
The  Kosofsky  and  Bl-Baz  book  contains  many  Orbit- 
er pictures  organized  to  show  the  classical  features 
of  the  lunar  surface,  as  well  as  a lucid  section  on  the 
technology  of  the  Orbiter  missions*  Its  only  drawback 
is  the  poor  reproduction  of  many  of  the  pictures*  The 
Lowman  book  is  similar,  but  with  more  emphasis  on 
geologic  features  and  much  belter  icproduction  erf 


PHOTOGRAM  METRY 


The  pictures  from  each  Lunar  Orbiter  mission  are 
cataloged  by  frame  numbers,  each  frame  number  inr 
eluding  a low-resolution  (or  medium-resolution  or 
moderate-resolution;  the  krms  seem  to  be  used  inter- 
changeably),  and  three  hi^resolution  photographs. 
The  high-resolution  photographs  cover  a small  area 
in  the  center  of'  the  larger  area  included  in  the  low- 
tesolutjon  photograph*  Actually,  the  high -resolution 
photographs  are  one  long,  narrow  ^ * -^tograph  cut  into 
three  pieces  for  convenience.  Thus  photograph  IV- 
109M  is  a Lunar  Orbiter  Mission  Four  low-resolution 
photograph,  and  photographs  IV-I09Hi,  IV-KSH2P 
and  IV-109H:»  arc  the  three  high-rcsolution  photographs 
centered  within  *he  area  of  iV-109M*  *^Hi|h  resolu- 
tion*^ is  strictly  a relative  term,  and  is  based  on  a com- 
paiison  with  other  pictures  taken  on  the  same  mission* 
Orbiter  V medium-resolution  pictures  provide  a higher 
resolution  than  Orbiter  iV  high-resolution  pictures* 
Every  photograph  is  divided  into  many  long,  nar- 
row, numbered  framelets  whicn  ai-e  l^*2mm  wide  on 
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die  standard  2(rx24**  print  These  firan^lets  are  arti> 
btfs  of  die  systm  us^  to  transmit  the  photographic 
images  from  the  spacecraft  to  eardt  Oa  Orbiter  V 
phmqgraphs,  the  framelet  boundaries  are  oriented  ap- 
(Hoxknately  north-south,  whereas  on  most  Orbiter  I, 
n»  m,  and  IV  j;dK>tographs  they  are  oriented  approx- 
knately  east-west  On  pictures  taken  of  the  vfe3ile  &oe 
of  the  momt  flliimmatkm  b frcun  the  east  For  a more 
cmnpiete  discusskm  of  the  phcrtographic  system,  see 
Kosotsky  and  B-Baz  (1970)  or  Beeler  and  Mkdilovitz 
(1969). 

Locatkms  are  given  in  terms  ol  a hmar  ladtii&  and 
longitiKfe  system  exactly  analagtms  to  the  one  used 
on  eardi;  that  b,  the  equator  divides  the  moon  into 
nmthem  and  soudiem  hemispteres^  and  an  arbitrary 
prime  meridian  passing  thrmig|i  die  cenfter  of  die 
risible  face  of  die  moon  divides  b into  ei^em  and 
western  faembpheres.  East  b defined,  as  oa  eardt  as 
being  to  the  ri^  of  an  observer  standing  on  the  moon 
facing  north.  On  the  data  slmets,  positive  values  d 
latitwfe  are  imdi;  positive  values  of  loQptiide  are  east 
Soudi  and  west  values  are  thus  recorded  as  n^adve. 
Latitude  and  Icngitiide  coordinates  of  the  comers,  and 
toigdis  of  the  sides  in  kflometers  are  given  for  each 
pbotogra{di.  Figiue  1 illustrates  this,  using  frame  IV- 
109  higlHesolutkm  as  an  example.  It  b hnportant 
to  ofbnt  the  photographs  as  riiown  so  diat  die  comers 
are  propeiiy  matched  to  the  data-she^  piint-out 
Nme  also  that  dimensions  and  coordinates  given  are 
fior  all  diree  higb-resohition  photograf^  reassembled 
into  one  kmg.  narrow  ; Itotogr^ih. 

Of  die  thirty-four  photogrammetiic  parameters  <fe- 
fined  on  the  data  sheets,  six  are  of  major  importance 
fm  our  purposes.  These  are: 
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ngme  li  Orientation  of  photofraplis  for  determination 
of  comer  co-ordinates*  Low-fesolnllon  photographs  also 
oriented  with  legend  to  right.  This  mientation  places  north 
approadmalely  to  the  left  on  L.O*  IV  pfaotographsv  north 
approadmately  up  on  L.O.  V photographs*  The  array  of 
munbers  fo  copied  from  the  <bta  sheet  for  frame  199;  the 
outlines  of  the  pictures  have  been  added  by  the  writers 
for  clarity*  Numbers  (1  to  3 from  right  to  left)  for  the 
three  parts  of  the  photograph  follow  the  NASA-LRC  sy>* 
tern* 


1)  SCALE  FACTOR:  The  number  of  metets  on  <Ae 

film  in  the  spaceenft  equal  to  one  Womeler  on  the 
hmar  soffBoe.  Two  lisdnp  are  mdnded  on  Ae  data 
sheets,  one  for  hi^iesohitkai,  and  the  oAer  for  kwr- 
resohidon  pbologiaphs.  For  die  standard  20"x24‘' 
prints,  diese  amst  be  amli^Ged  by  the  qJargment 
factor  of  7,1$.  For  die  scale  oa  a 20*x24* 

prim  for  frame  IV'109,  h^Mnsofatioo,  monU  be: 

SCALEs7.18  X SCALE  FACTOR  (IflGH) 
»(7.18)  (0.00022dSM/Km) 
s0.001627M/Km  »l.d27mm/Km 
or,  1mm— 0.61SKm  — 61SM 

2)  NORTH  DEVIATION  ANGLE:  die  an^ 
measured  ciocfiMse  from  Ae  normal  to  framdet  bonnd- 
aries,  to  north  (see  Flgue  2 for  pnqier  orientation  of 
{dioh^raph  and  measneeaaeat  of  ai^). 


a-k_a.  r- ■■I. 

t/raim  pnofograpiu* 


3)  SUN  AZIMUTH  at  PRINCIPAL  GND.  PT.: 
die  angle  measured  dockwise  from  north  to  the  diieo* 
titm  from  whidi  the  son’s  rays  are  emning  (see  Fignie 
2). 
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4)  EMIS^ON  ANGLE:  the  angle  between  camoa 
axis  and  the  normal  to  the  moon’s  (idealized)  sndaoe 
at  the  point  where  the  camera  axis  intersects  the  groond 
(see  F^ue  3).  The  EMISSION  ANGLE  provides  a 
measure  of  (diKqiiaiess  of  the  pholx^raph  (a  O'*  £M/S- 
SION  ANGLE  meam  a vertical  pbrnogn^).  On 
photopi^ilis  with  an  EMtSMON  ANGLE  of  more 
than  a few  degrees,  smfece  features  are  distorted  and 
aocuate  measurement  becomes  very  difficub. 

5)  RESCM.UnON  CONSTANT:  die  dieotmicalty 
(^ermined  diam^er  of  die  smalted  object  distii^nish* 
dile  on  the  high-resolntian  phob^rapte.  The  smallest 
distmgnBhaUe  object  on  the  low-resohttkm  jdiotii^raidi 
has  a diam^er  eight  toes  larger  than  the  listed  RESO- 
LVTtON  CONSTANT. 

6)  INCn^NCE  ANGLE:  die  vertical  an^  be- 
tween die  rays  of  die  sun  and  the  normal  to  the  hmar 
surface  (Kgnie  3). 


SPACCOtAPT 


FigBi«  3:  Cgomelrital  definMons  of  come  pkotognm- 
metric  parameters. 


Once  the  scale  has  been  computed  (see  above),  the 
INCIDENCE  ANGLE  may  used  in  oonjuncdon 
widi  Fgnre  4 to  deteimine  die  hei^t  of  mountains  and 
w-tls  above  adjacent  lowlands  (see  explanation  to 
Rgnre  4). 

SELECTED  PHOTOGRAPHS 

Introduction 

Twenty-six  photographs  ate  recommended  for  use 
in  courses.  Th^  ate  either  single  photographs  or  nested 
sets  considered  superior  for  a particular  feature  or  use, 
or  nested  sets  that  illustrate  a wide  range  of  futures 
at  different  scales.  The  descriptions  which  follow  are 


intended  to  provide  a general  idea  of  die  featmes 
illustrated.  Exhaustive  decripdous  are  onneoessaty  and 
undesirable  in  the  present  oontexL 

Most  of  the  photographs  are  from  Lunar  Oibiter 
Mnsion  IV  and  V,  a not  surprising  result  oonadeiing 
that  these  missious  were  qiedficaDy  designed  to  yidd 
information  of  geologic  value.  ThBe  provide  a wide 
range  in  scale,  bom  Orbiler  IV  low-^erolutim  {Hctures 
udiich  show  a major  portion  of  the  hmar  disk  at  scales 
several  kOomelets  per  nuDim^er,  to  Orbiler  V 
h^b-ies(dution  pictuies  with  scales  on  the  order  of 
25  meters  to  the  millimeter. 

Gc.iaral  Nested  Sets 

The  general  nested  sets  may  be  used  with  reasonable 
success  for  a number  of  different  purposes.  For  i*»«veg 
with  limited  time  for  hmar  geology  <n-  limited  budgets, 
use  of  one  of  diese  sets  is  probably  the  best  af^noadL 
Both  nests  indude  an  Orbiler  IV  low-resolntioa  photo- 
graph approximately  centered  on  the  area  covered  by 
die  hitler  lesolntion  photognqihs.  These  low-tesoln- 
don  photographs  not  onty  dearty  diow  wdl-known 

SUN  wcioeNce  angle. oEeaees 

5 lO  IS  20  23  30  35  40  43 


SHADOW  LENGTH, ARBITRARY  UNITS 


Fiance  4t  Diaunm  for  detcrmiiiinu  rdoiive  heiahls  from 
shadow  length.  Follow  shadow  lenash  upward  nnlH  proper 
inddenee  angle  mine  (Ifaiea  mdialing  from  origin)  b 
inicrcected,  and  read  corresponding  relative  height  value 
along  left  margin  in  came  nnils  need  to  measare  ahadow 
length.  Shadow  length  nmat  be  meaaaced  dircctlY  down 
can.  It  b easier  lo  nse  the  diagram  if  the  decimal  point 
b placed  in  ecalec  so  that  delenninalion  b ac  close  lo  the 
ridttdmnd  margia  as  pesrible.  Derimal  point  In  ccalea 
mar  be  moved  from  one  measnrement  to  the  next  becance 
nnhs  are  arbitrary.  It  ic.  In  fact,  permbaible  to  nralliply 
shadow  length  by  any  factor  needed  to  move  reading  away 
from  congeeted  lower-left  comer  of  diagram.  Elemtlon 
difference  obtained  moat,  of  coarse,  be  divided  by  the 
Mme  factor. 
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craters,  mountain  ranges,  maria,  etc.,  but  are  also 
sharp  oiough  to  permit  leoo^tkm  of  the  major  map- 
peUe  stratigrairiiic  units.  Moreover,  they  provkie  a 
rqional  frameworic  for  the  more  detailed  pictures  in 
the  nested  set. 

1)  Fra  Mflura  nesl:  niotographs  1V-114M;  IV- 

120H,;  V-I39M:  V-139H,;  V-139H,;  V-139H.. 

Centered  on  junction  of  craters  Fra  Mauro,  Perry,  and 
Boo|dand  (8°  S.  Lat.,  17°  W.  Long.).  Included  on 
Rq^aeus  Mountains  quadrangle  (LAC  76),  geology 
by  Eg^eton  (1965). 

Hiotogrqdi  lV-12(ftlt  is  usable  for  stratigraphic 
showing  pre-Imbrian  material  on  the  crater 
runs,  part  of  the  Imbrian  ejecta  blanks  (Fra  Mauro 
Fmnadon),  and  smo<^  plaits  divi^le  into  two  or 
duee  stratignqthic  units.  A range  of  crater  ages 
is  also  present.  Some  of  the  dark  material  is  associated 
with  a^  covets  a riOe,  and  may  be  volcanic.  This 
material  is  shown  in  greater  detail  on  V-139M  and 
V-1391^.  Age  relatioashqis  between  graben-like  rilles 
and  stratigraphic  units  are  well  shown  on  rV-120Hj 
and  V-139M.  The  Orbiter  V hig)i-rescriution  idioto- 
graphs  iitnsfrate  such  surfidal  details  as  variation  in 
morphcdogy  ai  small  craters  (presumably  a function  of 
age),  patterned  ground  on  slopes,  concentratiotis  <rf 
la^  Modes  M todt  (not  a vety  good  example  for 
this  feature),  and  variation  in  crater  density. 

2)  Alphonsus  nest:  PhoU^raphs  IV-108M;  IV- 
l()8Hs;  V-117M;  V-118H,;  V-118H,.  Centered  on 
western  rim  of  crater  AI{dionsus  (14°  S.  Lat.,  4°  W. 
Long.).  Largely  included  on  the  Ptolemaeus  quad- 
rangle (LAC  77),  geolo^  by  Howard  and  Marsur- 
sky  (1968). 

niotograph  FV-108Hs  shows  pre-lmbrian  material  in 
the  rims  of  old  craters  modified  by  die  Imbrian 
“sculptute,”  and  younger  smooth  plaits  materials  di- 
visible into  two  or  three  mappable  units.  A moderately 
good  range  of  crater  ages  is  present.  The  three  major 
craters — l^olemaeus,  Alphonsus  and  Arzachel — show 
different  degrees  of  rim  degradation,  suggesting  that 
dtey  are  of  difieient  ages. 

Alphonsus  has  several  dark  spots  on  its  floor  spatially 
relat^  to  rilles  and  pits.  One  of  these  spots  is  shown  in 
detail  on  V-117M  and  V-llSHg.  The  latter  photo- 
graphy clearly  illustiates  the  difiference  in  crater  dra- 
si^  between  the  dark  spot  and  a lifter  area  of  crater 
fkmr  in  the  northwestern  comer  of  the  photograph. 
These  dark  spots  are  suggestive  of  volcanic  activity,  as 
is  a crater  chain  in  the  northwestern  comer  of  IV- 
108Hz. 

Photographs  V-118Hz  and  V-118Hz  also  provide 
an  excellent  example  of  patterned  ground,  and  show 
variation  in  morphology  of  small  craters.  The  crater 
Arzachel  illustrates  large-scale  slumping  of  crater  walls 
(photograph  IV-lOSHz).  Both  Arzachel  and  Alphonsus 
have  central  peaks. 


If  only  <me  nest  is  obtained,  the  one  to  get  vrill 
depeiul  on  the  user’s  primary  objectives.  The  Fra 
Mauro  set  includes  the  better  low-resolution  Orbiter 
IV  photc^raph  because  it  is  centered  near  the  soudi- 
era  margin  of  Mare  Imbrium  vriiich  is  used  as  the 
type  area  for  lunar  mapping  by  the  U.S.  Gvological 
Survey.  In  addition,  phofograidi  IV-120Hs  is  better  fw 
stratigraphic  studies  than  is  IV-108Hz.  (fo  die 
other  hand,  the  Alphonsus  set  includes  more  convinc- 
ing examples  of  \-olcaiiic  features  and  depc»its,  as 
well  as  better  examples  of  patterned  ground,  slumping 
of  crater  walls,  and  the  correlation  of  crater  density 
with  relative  age. 

PhMitgraphs  for  Stradgrapldc  Studies 

On  the  basis  clarity  of  superpositkm  and  cross- 
cutting rdatfonshqis,  the  numbrar  of  maiqnble  units, 
and  the  total  relative  age  range  present,  three  photo- 
graphs (IV-109Hz,  lV-1691^.  and  1V-97H>)  are 
considered  superior  single  [diotographs  for  stratigraphk 
studies.  Maiqnng  units  may  be  distinguished  from  eadi 
other  by  albedo  (relative  brightness),  crater  densi^, 
and  topographic  texture.  They  may  be  arranged  in 
stratigrapluc  sequetme  by  superposition,  embaymg  re- 
lationships, crater  density,  and  contrasting  relationships 
with  structural  features  such  as  craters  and  rilles.  Good 
general  summaries  of  the  lunar  stratigraphic  scheme 
are  diose  by  Shoemaker  (1964),  McOuley  (1967b), 
Muteh  (1970,  p.  117-139),  and  Wilhelms  (in  press). 
Ute  sdieme  has  changed  smnewhat  with  time,  as 
best  explained  by  McCauley  (1967b)  and  WQbdms 
(in  press). 

Photograidi  IV-109H3,  which  is  probably  the  b^  of 
die  three,  is  in  the  southeastmn  part  M Mare  Im- 
brium and  includes  most  of  the  crater  Archimed^.  The 
area  is  included  on  the  Montes  Apenninus  quadran^e 
(LAC  41),  geology  by  Hackman  (1966).  Photograph 
lV-169Hz  is  next  best  and  is  along  the  southwestern  edge 
of  Oceanus  Procellarum.  No  published  quadran^e  in- 
cludes this  area.  The  third  photograjd!,  IV-97Hz,  is 
included  on  four  quadrangles:  Mate  Vaporum  (LAC 

59) ,  geology  by  Wilhelms  (1968);  Julius  Caesar  (LAC 

60) ,  geology  by  Morris  and  Wilhelms  (1967);  Mare 
Seienitatis  (LAC  42),  geology  by  Carr  (1966);  and 
Montes  Apenninus  (LAC  41),  geology  by  Hackman 
(1966). 

Photograi^i  IV-I I4M  from  the  Fra  Mauro  nest  may 
be  used  to  provide  a regional  frame  for  both  IV-109Hz 
and  IV-97Hz. 

Photographs  of  Specific  Features 

1)  Volcmic  Umdforms:  Photograph:  IV-157Hi,  V- 
214M;  and  V-2f6Hz,  on  Hevelius  quadrangle  (L^'* 
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56),  gcolcgj'  Hy  McCauley  (1967a)  coosuMte  a nested 
set  showing  the  Marius  Hills  in  the  center  ot  Oceanus 
PiDcellarum.  This  area  provide  the  most  convincing 
evklence  of  volcanism  on  the  moon  (McCauley,  1967a; 
Mutch,  1970,  p.  217-231).  The  Orbiter  IV  photograph 
is  covered  with  domes  and  steep-sided  peaks,  many 
with  summit  pits,  plus  sinu'Mis  rilles  and  wrinkle  ridges. 
The  higher  resolution  pictures  supply  many  iL.:resting 
details,  including  crater  types  dir^y  comparable  to 
Qrpes  associated  with  terrestrial  volcanism.  Photograph 
II-213M  is  an  interesting  oblique  view  of  this  area, 
but  because  this  picture  has  been  reproduced  by  Mutdi 
(1970,  p.  218),  by  Kosofsky  and  El-Baz  (1970,  p. 
122),  a^  by  Lowman  (1969,  plate  86),  it  is  probabfy 
not  necessary  to  buy  it. 

2)  impact  crater  morphtdogy:  nutographs  V-197; 
V-199Hs;  and  V-201Hs,  on  Aristarchus  quadran^e 
(LAC  39),  geoloey  by  Moore  (1965).  The  medium- 
re»>lutioa  photCsT?|d)  dearly  shows  the  radial  zoning 
of  the  raised  rkn  of  Aristarchus,  dumping  of  the  inner 
wall  of  the  rim,  the  radial  array  of  secondary  craters, 
dv*  central  peak,  and  numerous  minor  charrecteristics. 
Shoonaker  (1962)  presents  a dscussion  of  die  char- 
acteristics and  prolmble  origin  oi  craters  similar  to 
Ari^archus.  Phmograph  V-199H2  b a close-up  of  the 
northern  ptwtion  of  the  insi&  of  the  crater  showing 
numerous  concentrations  of  large  boulders,  the  pecul- 
iar “blistery”  topogra|diy  of  much  of  the  crater  floor, 
and  patterns  suggestive  of  the  Sow  of  some  ffaiM  ma- 
terial down  the  iimer  wall  of  the  rim.  Photograph 
V-201Hs  is  a close-up  of  a portion  of  the  outer  rim. 
It  includes  some  of  the  most  convincing  flows  on 
die  moon — features  with  lobate  forms  raised  above 
the  surroundings,  smoother  and  darker  surfaces  than 
surrounding  terrain,  and  very  low  crater  densities. 

3)  Snmus  rWe:  V-204M  and  V-204Hs  on  Aiist- 
aidius  and  Seleucns  quadrangles  (LAC  39  and  38), 
geok^  by  Moore  (1965  and  1%7),  are  a nested  paii 
of  i^otc^raphs  of  a portion  of  Vallis  Schroteri  on  the 
Aristarchus  Plateau  in  Oceanus  Procellarum.  This  sinu- 
ous rifle  has  a smaller,  meandering  rifle  within  it  which 
shows  what  appears  to  be  a cut-off  meander  and 
partial  burial  of  a meai^er  loop  by  talus  from  the 
wall  of  the  larger  rifle.  This  meandering  inner  rifle  is 
particularly  controversial  because  it  so  closely  resem- 
bles tenmtrial  stiemn  channels,  yet  may  have  a totally 
different  origin  (e.g.,  Schumm,  1970). 

Photograph  V-204M  includes  a small  segment  of 
the  crater  Aristarchus  in  the  southeastern  comer,  and 
the  radial  array  of  secondary  impacts  from  this  crater 
covers  nearly  half  the  photograph.  Patterned  ground 
and  boulder  concentrations  at  the  bases  of  slopes  are 
visible  on  V-204Hs,  with  one  visible  track  left  by  a 
rolled  boulder  in  fiamelet  202. 

4)  Crater  chain:  Photographs  V-94M  and  V-95Hi, 
on  Mare  Vaporum  quadrangle  (LAC  59),  geology  by 


Wilhelms  (1968).  This  is  a nested  pair  ct  the  Hyginus 
Rifle,  near  die  omter  of  die  visible  disk.  This  feature 
is  large  mioiigh  to  be  clearly  visible  on  the  low-resolu- 
tioii  Orbiter  IV  photographs  listed  under  the  nested 
sets.  Rima  Hyginns  is  die  dasric  exanqrie  of  a rifle 
that  is  also  a dater  chain.  The  craters  of  the  diain 
'tave  been  interpreted  as  volcanic  by  Wilhelms  (1968). 
The  lunar  surface  appears  darker  and  possibly  sitg^idy 
less  cratered  near  the  rifle  than  elsewhere,  perhaps  due 
to  a ooveriiig  of  pyrodastic  dqwsits.  The  higji-resoltt- 
tiwi  plioUigia^  shows  a portion  of  die  largest  crater 
(Hyginus)  along  the  rifle,  a crater  very  differmt  m 
appearance  ffinn  those  genmal^  otfriained  as  due  to 
imi»ct  The  walk  of  diis  crater  show  patterned 
ground,  boulder  concentrations,  and  some  good  exam- 
ples ot  tracks  left  by  rolled  boulders. 

5)  Maria  vs.  tarae:  Hiotograiriis  III-213M  and  IV- 
I6IH3.  on  Grimaldi  quadrant  (LAC  74)  illustrate 
the  contrasts  bdwemi  maria  and  tmae  in  topogrtqdqi, 
albedo,  smoothness,  and  fracture  patterns.  Pbotogra^ 
HI-213M  is  an  oU^ue  imtute  iff  a portion  iff  die 
western  shore  of  Oc^ns  Procellarum,  udmeas  IV- 
161Hs  a partial^  overitqiimig  votical  pbotogra|rii. 
Although  the  primary  purpose  of  these  photographs 
is  to  illustrate  the  dfffetmices  between  die  two  major 
types  of  terrain  on  the  moon,  they  also  provide  excel- 
lent views  iff  wrinkle  ridges,  graboi-4ike  riiks,  a aaHa 
widi  a floor  wdibed  by  branching  rifles,  and  a syste- 
matic  grid-Kke  alignment  iff  small  h^grtqdiic  fiums 
on  the  terrae.  The  j^tognqdis  are  also  usdd  for 
illustrating  die  disttntion  created  1^  obliqne  views. 
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appendix:  .sources  of  material 
Lunar  Orbiter  Photograph* 

The  photographs  and  sn^^rting  data  are  obtaked  from: 
Data  Services  Branch 
National  Space  Science  Data  Center 
Ooddard  Space  Fli^t  Center 
Code  601.4 

Greenbelt,  Maryland  20771 

The  first  step  is  to  request  the  following  guide  to  ordering 
Beeler,  M.  and  Michlovitz,  K-,  1969,  Lunar  Orbiter 
Photograph  Data:  NASA,  NSSDC  69415. 

This  pnblication  includes  ccnplete  Orbiter  index  maps  as 
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well  as  instructions  for  ordering  photographs.  The  20**x24’* 
prints  of  the  Orbiter  photographs  referred  to  in  the  text  of 
this  paper  are  the  NASA-LRC  enhancements,  which  cost 
about  $4.00^  each.  The  Data  Center  will  provide  all  Orbiter 
photographs  on  microfilm  for  $27.00^  Although  the  micro- 
hm versions  of  the  photographs  were  noticeably  degraded 
in  quality,  they  are  very  convenieni  as  an  aid  to  ordering  addi- 
ditional  full-sized  prints. 

When  ordering  Orbiter  photographs,  it  is  important  to 
emphasize  that  high  resolution  pictures  are  being  identified 
according  to  the  NASA-LRC  numbering  system  ( 1 to  3 from 
south  to  north  for  L.O.  IV.  1 to  3 from  east  to  west  for  L.O. 
V).  Many  people  order  according  to  the  AMS  numbering 
system  which  is  exactly  opposite  t^  one.  It  may  be  helpful 
to  tell  the  Data  Center  which  end  of  the  strip  (north  or  south, 
east  or  west)  you  want  in  addition  to  giving  them  the  proper 
NASA-LRC  number.  The  microftlm  set  we  have  is  numbered 
according  to  the  AMS  system,  so  care  must  also  be  exercised  in 
placing  orders  for  additional  pictures. 

4poilo  Lunar  Photographs 

l!ie  Data  Center  also  provides  copies  of  Apollo  pictures, 
for  which  various  Irtdexes  have  been  published.  Available  on 
request  as  of  October,  1970,  are: 

1)  Apollo  8 Lunar  Photography;  70mm  Frame  Index: 
NASA,  NSSDC  69-06. 

2)  A^*ollo  10  Photography  Index:  70mm  and  1 6mm  Frame 
Ina^x:  NASA,  NSSDC  69-14. 

3)  Apoi'o  II  Photography;  70mm,  I6mm,  and  35 mm  Frame 
index:  NASA,  NSSDC  70-72. 

4)  Apollo  ll  70mm  Photographic  Catalog:  NASA,  NSSDC 
70-07. 

5)  Apollo  12  Lu.:ar  Photography:  NASA,  NSSDC  70-09. 

6)  Apollo  12  70mm  Photographic  Catalog:  NASA  NSSDC 
70-i0. 

7)  Apollo  12  Photography;  70mm,  16mm,  and  35mm  Frame 
index:  NASA,  NSSDC  70-11. 

Charts  and  Maps 

Except  for  number  1,  all  the  following  items  are  obtainable 
from: 

Superintendent  of  Documents 
U.S.  Government  Printing  Office 
Washington,  D.C.  20402 

1)  (/.  5.  Geological  Survey  geologic  quadrangle  maps  of 
the  noon:  These  are  sold  by  the  U.S.  Geological  Survey. 
Washington,  D.C.  for  $1.00  each. 

2)  US,  Air  Force  Lunar  Reference  Mosaic:  An  ortho- 
graphic projection  of  the  lunar  near  side  identifying  major 
features.  Available  in  two  sizes: 

a)  LEM-1,  scale  1:5.000,000  lunar  diameter 

= 27  inches,  price,  $1.00. 

b)  LEM-IB,  scale  1:2,500,000,  lunar  diameter 

= 54  inches,  two  sheets,  price  $2.00. 

Both  sizes  are  suitable  for  hanging  on  the  wall  for  reference 
and  display. 

3.  NASA  lunar  charts:  The  entire  moon  is  covered  on  three 
sheets  at  a scale  of  about  1:5,000,000.  The  Earthside  and 
Farside  charts  (covering  a belt  between  48*^N.  and  48^  S. 
latitudes)  are  Mercator  projections,  the  Polar  chart  is  a polar 
stereographic  projection. 

^These  prices  should  be  checked  with  the  Data  Center  before 
ordering. 


a)  Lunar  Earthside  Chart  (LMP-1):  price,  50^. 

b)  Lunar  Farside  Chart  (LMP-2):  price,  50<. 

c)  Lunar  Polar  Chart  (LMP-3):  price,  50^. 

d)  LAC  Cfutrts:  These  are  a series  of  1:1,000.000  charts  of 
the  near  s*^e  of  the  moon,  by  quadrangles.  Quadrangles  are 
identified  both  by  number  and  by  the  name  of  a prominent 
feature  included.  Each  chart  includes  an  index  to  the  lo- 
cations of  all  charts,  price,  50<  each. 

5)  Other  charts  and  publications  rc!  ung  to  the  moon: 
Request  from  the  Superintendent  of  Documents,  the  price  list 
for  publications  dealing  with  “space.” 
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